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Zusammenfassung
Im globalen System mittelozeanischer Rücken zeigen die ultralangsam spreizenden Rücken
andere Spreizungsmechanismen als schneller spreizende Rücken. Mit einer Spreizungs-
geschwindigkeit von weniger als 20 mm y-1 (Summe beider Plattenbewegungen) nimmt
der Vorrat an Schmelze drastisch ab. Dadurch weisen ultralangsam spreizende Rücken eine
andere Rückenmorphologie auf als die schneller spreizenden Rücken. Die Hauptvertreter
von ultralangsam spreizenden Rücken sind der Arktische Rücken (ARS) und der Südwest-
Indische Rücken (SWIR), die beide in schwer zugänglichen Gebieten liegen. Dies ist der
Grund für die geringe Anzahl an wissenschaftlichen Studien über diesen Rückentyp im
Vergleich zur Anzahl Studien, die an schneller spreizenden Rücken durchgeführt werden.
Ultralangsam spreizende Rücken bestehen entweder aus amagmatischen oder magmati-
schen Segmenten, die auf unterschiedlichen Mechanismen krustaler Akkretion beruhen.
Basalte und eine positive magnetische Anomalie entlang der Riftachse weisen auf stabilen
Magmatismus hin. An amagmatischen Segmenten hingegen gibt es keine Anzeichen für
aktiven Vulkanismus. Dieser tritt lediglich an räumlich begrenzten vulkanischen Zentren
auf, an denen sich Schmelze sammelt. Mit Ausnahme von diesen Zentren besteht der
Meeresboden aus Peridotiten und weist keine zentrale magnetische Anomalie auf. Es
wird vermutet, dass die Spreizung an solchen Segmenten hauptsächlich durch Dehnung
und Ausdünnung der Kruste entlang von Abschiebungsbrüchen oder basalen Abschiebung-
en vonstatten geht, die bis in den Mantel reichen und Mantelmaterial am Meeresboden
aufschließen.
Die ganzjährige Eisbedeckung des Arktischen Ozeans verhindert Schiﬀsoperationen, wie
beispielsweise die Messung seismischer Proﬁle, oder das Ausbringen von Instrumenten am
Meeresboden. Lokale Messungen am SWIR sind ähnlich eingeschränkt durch die stürmi-
schen Wetterverhältnisse in diesen Breitengraden. Dadurch sind Spreizungsmechanismen
an ultralangsamen Rücken und die Faktoren, welche zur Bildung vulkanischer Zentren
führen, relativ unbekannt. Die Seismizität mittelozeanischer Rücken wird gemessen, um
solche Vorgänge besser zu verstehen. Denn Erdbeben deuten auf aktive Deformation
hin und können Aufschluss über den mechanischen und thermischen Zustand der Kruste
geben.
Die vorliegende Arbeit besteht aus zwei Fallstudien an einem amagmatischen und einem
magmatischen Segment des ARS und des SWIR. Der amagmatische Lenatrog, als Teil des
ARS in der Framstraße zwischen Grönland und Spitzbergen gelegen, öﬀnet sich schräg
zur Rückenachse und zeigt eine asymmetrische Verteilung der Erdbeben, die vom globalen
Stationsnetzwerk über teleseismische Distanzen aufgezeichnet werden. Eine Mehrheit
der Beben ﬁndet westlich der Rückenachse statt. Die Relokalisierung des teleseismi-
schen Datensatzes, die ich im Rahmen dieser Studie durchgeführt habe, konnte die asym-
metrische Bebenverteilung im südlichen Lenatrog bestätigen. Außerdem hat unsere Ar-
beitsgruppe in zwei Experimenten 2008 und 2009 seismische Arrays (Verbundsystem
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ﬂächenhaft angeordneter Seismometer) auf Eisschollen ausgesetzt um die Mikroseismizi-
tät des Lenatrogs vor Ort zu messen und so einen Lückenschluss zwischen teleseismisch
erfassten Beben und Erdbeben, die zu schwach sind um sie an den nächsten Landstationen
in Grönland und Spitzbergen aufzuzeichnen. Leider war dieses Ansinnen nur teilweise er-
folgreich, denn es fanden im Untersuchungszeitraum keine Beben mit ausreichender Stärke
statt. So wurde kein Beben gleichzeitig von den Landstationen und den lokalen Stationen
auf den Eisschollen aufgezeichnet. Trotzdem hat die Fallstudie neue Erkenntnisse über
den Lenatrog gebracht und zeigt komplexe Wechselwirkungen zwischen einer langfristigen
Transformbewegung und einem sich entwickelnden Rifttal im Lenatrog. Diese Resultate
wurden zusammen mit einer Zusammenstellung hochauﬂösender Bathymetrie und einem
neuen Datensatz der lokalen magnetischen Anomalien publiziert.
Der Einsatz seismischer Arrays auf Eisschollen zur Messung lokaler Seismizität in eisbe-
deckten Gewässern ist eine relativ junge Technik und die Entwicklung einer Standard-
prozedur für solche Messungen war ein wesentlicher Teil dieser Arbeit. Deswegen wur-
den die angewandten Methoden und die Resultate von mehreren solchen Experimenten
in einer zweiten Publikation veröﬀentlicht um diese Anwendung sowie die breiten Ein-
satzmöglichkeiten unserer Arrays der wissenschaftlichen Gemeinschaft vorzustellen.
Die zweite Fallstudie befasst sich mit dem ultralangsam spreizenden Orthogonalen Super-
segment im westlichen Teil des SWIR, wo es Anzeichen für wiederholt auftretende Erd-
bebenschwärme gibt. Dieses Segment weist stabilen Magmatismus auf und an einer seis-
misch besonders aktiven Stelle wird ein vulkanisches Zentrum vermutet. Eine unbekannte
Menge an Erdbeben wird jedoch nicht erfasst, da sich die Stationen des globalen Netzwerks
in zu großer Entfernung zum Orthogonalen Supersegment beﬁnden. Um mehr Beben
zu erfassen, habe ich den regionalen Datensatz des seismischen Arrays der deutschen
Neumayer-Station in der Ostantarktis verwendet. Das kleinräumige Array mit der zen-
tralen Breitbandstation VNA2 ist ∼ 21◦ (1◦  111 km) vom Orthogonalen Supersegment
entfernt und misst kontinuierlich die Richtung und die Scheingeschwindigkeit der ankom-
menden Wellen. Dies ermöglicht die Extraktion von Detektionen ausgewählter Herdre-
gionen für detaillierte Fallstudien. So konnte ich 743 Erdbeben über einen Zeitraum von
8 Jahren am westlichen SWIR identiﬁzieren und ihre Magnitudenstärke (body-wave mag-
nitude mb) berechnen. Der Datensatz zeigt deutlich vier Perioden mit drastisch erhöhten
Bebenraten. In diese Schwarmperioden fallen auch mehrere teleseismisch aufgezeich-
nete Erdbeben, die den Lückenschluss zwischen dem regionalen Neumayer-Datensatz und
dem teleseismischen Datensatz erlauben. In beiden Datensätzen konnten vier Erdbeben-
schwärme in einem Zeitraum von 8 Jahren identiﬁziert werden und die Relokalisierung
des teleseismischen Datensatzes hat bestätigt, dass die Schwärme wiederholt an derselben
Stelle des Orthogonalen Supersegments auftreten und sehr wahrscheinlich durch Episoden
magmatischer Akkretion am vermuteten vulkanischen Zentrum ausgelöst werden. Diese
Fallstudie ist kürzlich zur Veröﬀentlichung eingereicht worden, vervollständigt mit einer
detaillierten Charakterisierung der Schwärme und Vergleichen zwischen dem teleseismi-
schen und dem regionalen Datensatz.
Die zwei Fallstudien, die neue Messmethode und die dazugehörige Datenprozessierung
haben neue Möglichkeiten zur Erfassung lokaler Seismizität aufgezeigt. Lokale und re-
gionale Datensätze erlauben eine umfassende Bewertung der Seismizität einer bestimmten
vii
Region und senken die Detektionsschwelle gegenüber dem globalen Stationsnetzwerk.
Somit können aktive Akkretionsvorgänge detaillierter untersucht werden und verdeut-
lichen die großen Unterschiede, die in den Spreizungsmechanismen kontrastierender amag-
matischer und magmatischer Segmente vorkommen.
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Summary
Of the global mid-ocean ridge system, ultraslow spreading ridges represent a diﬀerent class
of spreading mechanism. Below a full spreading rate of 20 mm y-1, the melt supply per
increment of plate boundary drastically decreases resulting in a ridge morphology which
is diﬀerent from the morphology of faster spreading ridges. The main representatives of
ultraslow spreading ridges, the Arctic Ridge System (ARS) and the Southwest Indian
Ridge (SWIR), are located in remote areas which is the reason for the few number of
case studies conducted at these ridges compared to manifold studies performed at faster
spreading ridges. Nevertheless, several studies of the ARS and the SWIR have revealed
that these ridges are composed of magmatic and amagmatic segments which represent
diﬀerent styles of crustal accretion. At the magmatic segments, the presence of basalt at
the seaﬂoor and a continuous positive magnetic anomaly at the ridge axis (CMA) indi-
cate robust magmatism. At amagmatic segments, volcanic activity seems to be absent or
to be concentrated on isolated volcanic centres where magma accumulates. Away from
these volcanic centres, the seaﬂoor is mainly composed of peridotite and lacks a CMA.
Spreading at such segments is interpreted to take place by extension and thinning of the
crust along normal faults or detachment faults exposing mantle material to the seaﬂoor.
At the ARS, the perennial ice cover limits ship operation including seismic proﬁling and
the deployment of ocean bottom instrumentation. Similarly, the SWIR is located in
latitudes with stromy weather limiting local studies accordingly. Thus, it is not well
understood how spreading takes place at these ridges and what factors lead to the for-
mation of volcanic centres. In order to learn more about spreading processes at ultraslow
spreading mid-ocean ridges, seismicity can be monitored as earthquakes indicate active
processes and give information about the mechanical and thermal state of the lithosphere.
This project includes two case studies at an amagmatic and a magmatic segment of the
ARS and the SWIR. The amagmatic Lena Trough, part of the ARS and located between
Greenland and Svalbard, spreads obliquely and shows an asymmetric distribution of the
teleseismically detected earthquakes west of the ridge axis. In order to verify this atypical
earthquake distribution, I relocalized the teleseismic dataset conﬁrming that the seismi-
city at the southern Lena Trough is focussed west of the ridge axis. Furthermore, our
working group deployed several seismic arrays on ice ﬂoes in 2008 and 2009 to record the
microseismicity of Lena Trough bridging the gap between the teleseismic dataset and this
local dataset. Unfortunately, this was only partly successful as the seismic activity during
the survey periods was too low to be detected by the land stations located in Greenland
and Svalbard. Nevertheless, the case study of Lena Trough presents new results of a com-
plex interaction of a long-term shear movement and the onset of spreading at a nascent
oceanic rift which we published together with a compilation of high-resolution multibeam
bathymetry and a newly compiled magnetic dataset.
The acquisition technique of local seismicity in ice covered regions by seismic arrays on
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drifting ice ﬂoes is a rather young method and the further development of this application
was an important part of this PhD project. Describing the methodology and showing
data examples, the second publication means to introduce our method and its broad ap-
plication ﬁeld to the scientiﬁc community.
The second case study concerns the ultraslow spreading Orthogonal Supersegment of the
western SWIR where the occurrence of earthquake swarms is supposed. This segment
shows robust magmatism and the presence of a volcanic centre has been proposed where,
in the teleseismic dataset, a cluster of seismicity is observed. As no stations of the global
station network are located nearby, a potentially vast amount of earthquakes is missed.
To overcome this, I accessed the regional dataset of the seismic array operated by the
German Neumayer station in East Antarctica. The small-aperture array with its central
broadband sensor VNA2 lies in a distance of ∼ 21◦ (1◦  111 km) to the Orthogonal
Supersegment and continuously monitors backazimuth and apparent velocity of incoming
waves. This allows the extraction of earthquakes occurring at a speciﬁc region. Thus,
743 earthquakes within an 8-years period located at this section of the SWIR could be
identiﬁed and body-wave magnitudes (mb) were calculated. The Neumayer seismic record
clearly showed four periods of drastically increased event rates. These swarm periods con-
tained large earthquakes which were teleseismically recorded allowing to bridge the gap
between teleseismic and regional seismicity records. The relocalization of the teleseis-
mic earthquakes conﬁrmed that these swarms repetitively occurred at the same location.
They are most probably caused by repetitive magmatic accretion episodes at an assumed
volcanic centre. Completed with a detailed swarm characterization and the comparison
of the teleseismic and regional dataset, this analysis is summarized in a third paper that
has been submitted recently.
The two case studies, the newly developed data acquisition technique and the processing
of the corresponding dataset have yielded new possibilities of monitoring seismicity of
ultraslow spreading mid-ocean ridges. Local and regional datasets allow a comprehen-
sive evaluation of the earthquakes of a speciﬁc region lowering the detection threshold
compared to the global station network. Thus, active accretion episodes can be moni-
tored in greater detail showing the vast diﬀerences of spreading mechanisms between these
contrasting amagmatic and magmatic ridge segments.
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1.1 Ultraslow spreading mid-ocean ridges
Spanning around the globe, mid-ocean ridges form a mountain range of a length of
∼ 60′000 km dividing ocean basins. They represent rift systems where seaﬂoor is em-
placed, cooled and deformed generating new oceanic crust. Globally, spreading rates
range from < 10 mm y-1 at the eastern Gakkel Ridge (NUVEL 1A plate model; DeMets
et al. 1994) up to ∼ 140 mm y-1 full rate on the Southern East Paciﬁc Rise (Bohnenstiehl
and Dziak , 2008). These vast diﬀerences in spreading rates aﬀect the morphology of the
ridges. Whereas fast spreading ridges such as the East Paciﬁc Rise (EPR) are composed
of a central rise at the rift axis, slower spreading ridges show deep and narrow rift valleys
with steep valley ﬂanks and ridges extending parallel to the rift axis. Extensive studies
have shown that the crustal thickness and other characteristics (e.g. bulk composition
and rare earth element concentrations; Sauter and Cannat 2010) of oceanic crust are re-
markably uniform at all but the most slow spreading ridges (Bown and White, 1994).
Mid-ocean ridges are seismically active generating one of the most active and longest belt
of seismicity (e.g. Sykes 1967; Francis 1968; Solomon et al. 1988). Earthquakes cluster
along the ridges and transform faults in narrow bands having shallow (< 30 km) hypocen-
tres. Along the rift axis, earthquakes generally have normal faulting mechanism, whereas
in the vicinity and along the transform faults strike-slip focal mechanisms dominate. Fast
spreading ridges have ductile crusts resulting in apparently aseismic segments without
any teleseismically detected earthquakes (e.g. Bohnenstiehl and Dziak 2008). On slower
spreading ridges such as the Mid-Atlantic Ridge (MAR, ∼ 25 mm y-1 full rate), solely
smaller aseismic gaps are evident from the teleseismical record (Bohnenstiehl and Dziak ,
2008).
At full spreading rates of < 20 mm y-1, the ridges show diﬀerent characteristics and are
classiﬁed as ultraslow spreading ridges (Dick et al., 2003). These ridges compose a sig-
niﬁcant part of ∼ 10% of the global mid-ocean ridge system (Sauter and Cannat 2010;
Fig. 1.1) with the Arctic Ridge System (ARS) and the Southwest Indian Ridge (SWIR)
being the most prominent representatives of ultraslow spreading mid-ocean ridges. At
ultraslow spreading rates, the melt supply per increment of plate boundary is predicted
to drastically decrease (Reid and Jackson, 1981) such as the upwelling velocities in the
subaxial mantle are assumed to decrease as well. The melt production decreases and is
restricted to greater depths (White et al., 2001; Sauter and Cannat , 2010). Thus, the
thinning crust is cold and brittle favouring the formation of normal faults. Extension
happens along those normal faults forming mantle horst blocks and detachment faults
expose mantle material to the seaﬂoor (Dick et al., 2003). These tectonic processes are
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responsible for the generation of high magnitude earthquakes which are missing at the
fastest spreading ridges (e.g. Schlindwein 2011). The apparent absence of volcanic acti-
vity on extended amagmatic segments is the most notable diﬀerence from faster spreading
ridges found in early surveys (e.g. Sykes 1967). Consequently, these amagmatic segments
are interpreted as a diﬀerent, previously unrecognized class of plate boundary structure
which seems to be attributed to ultraslow spreading ridges (Dick et al., 2003; Standish
et al., 2008).
Figure 1.1: Overview of the ultraslow spreading mid-ocean ridge system with study areas
marked with a red ellipse and with exemplary stations of the global station
network as red triangles. Globes with red boxes showing the ﬁgure outlines.
a) Arctic Ridge System (ARS) outlined by black line. North Pole denoted as
black star. IBCAO bathymetry after Jakobsson et al. (2008). b) Southwest
Indian Ridge (SWIR) outlined by black line. Neumayer seismic array denoted
as red star. Abbreviations: BTJ, Bouvet Triple Junction; RTJ, Rodriguez
Triple Junction. ETOPO 2 bathymetry after Smith and Sandwell (1997),
colour scale see a).
1.2 Motivation
At mid-ocean ridges, early seismicity studies with teleseismically recorded earthquakes
provided insight into the variety of active spreading processes (e.g. Sykes 1967; Francis
1968; Solomon et al. 1988). They observed the occurrence of earthquakes with extensional
focal mechanism at normal faults along the rift axis and earthquakes with strike-slip focal
mechanisms at transform faults oﬀsetting the ridges. Other authors proposed a relation
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between focal depths of earthquakes and spreading rates (Solomon et al., 1988).
As the earthquakes occurring along mid-ocean ridges are thousands of km away from
the recording land stations, these studies are based on large earthquakes which are de-
tectable teleseismically. This limitation declined with the development of methods to
record the seismicity at local and regional scales lowering the detection threshold com-
pared to the teleseismic records. Mid-ocean ridges can be monitored in detailed regional
and local studies using autonomous underwater hydrophone (AUH) arrays deployed for
several years (e.g. Bohnenstiehl and Dziak 2008; Simaˇo et al. 2010; Smith et al. 2002) or
short-term (weeks up to year) local networks of ocean bottom seismometers (OBS; e.g.
Toomey et al. 1985; Tolstoy et al. 2006).
However, such studies, mostly performed at the EPR and the MAR, are missing for ultra-
slow spreading mid-ocean ridges. There, the deployment of ocean bottom instrumentation
is highly limited if not impossible as the ultraslow spreading ARS and SWIR are located
in remote areas experiencing the most diﬃcult weather conditions of the world’s oceans.
In the Arctic Ocean, the perennial sea ice (e.g. Spreen et al. 2008; Fig. 1.2) impedes the
safe recovery of the instrumentation and at the SWIR stormy weather conditions endanger
the deployment and recovery of ocean bottom instruments. Consequently, Kristoﬀersen
et al. (1982) experimented with sonobuoy arrays attached to ice ﬂoes in the Arctic Ocean
and Sohn and Hildebrand (2001) report on the Spinnaker hydrophone array monitoring
earthquakes in the Arctic Ocean. In 2001, seismic stations were mounted on ice ﬂoes in
the central Arctic to record airgun shots (Jokat , 2003) and local seismicity (Schlindwein
et al., 2007) of Gakkel Ridge. In case of the SWIR, seismicity studies have to fall back
on teleseismic earthquakes (Schlindwein, 2011) or on regional land stations such as the
small-aperture array operated by the German Neumayer station in East Anarctica (see
chapter 7).
Still, open questions need to be answered in order to understand how the formation of
oceanic crust on ultraslow spreading ridges works. For example, it is unknown if non-
volcanic segments are completely amagmatic or if the melt is trapped deep in the litho-
sphere and how the structure of the crust is composed at volcanic centres versus nonvol-
canic/amagmatic segments (Sauter and Cannat , 2010). The factors controlling large-scale
segmentation, the spacing of transform faults or of non-transform discontinuities are un-
known. Very importantly, it is still not understood how the magma is channelled toward
the volcanic centres and what factors decide where a volcanic centre establishes. As low
magnitude earthquakes are not recordable from afar, the knowledge of the seismic acti-
vity and distribution of earthquakes along ultraslow spreading ridges remains incomplete.
Microseismicity studies are sorely missing and thus, the actual picture of seismicity at
ultraslow spreading mid-ocean ridges lacks low magnitude earthquakes. The mechanisms,
focal depths and the distribution of seismicity in space and time needs to be evaluated in
local and regional scales possibly providing key diagnostic information on the rheology,
the mechanical structure and the thermal state of the lithosphere of ultraslow spreading
ridges (Sauter and Cannat , 2010).
Since 2001, the Geophysics group of the Alfred Wegener Institute for Polar and Ma-
rine Research performs experiments to record the microseismicity of the ARS. Two pilot
studies in 2001 and 2007 showed good results (Thiede, 2002; Schlindwein et al., 2007;
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Schlindwein and Linder , 2007; Schlindwein and Riedel , 2010). It has been an important
task of this PhD project to further improve this method extending the station endurance
and increasing the number of stations deployed. Furthermore, I conducted dedicated case
studies on constrasting amagmatic and magmatic segments of ultraslow spreading ridges
with the purpose to bridge the gap between teleseismic and local/regional datasets.
Figure 1.2: Sea ice coverage of the Arctic Ocean during Arctic summer 2008 with red circle
marking the deployment site of three seismic arrays close to the ice edge in
July/August 2008 during 15 days. Ice coverage data after Spreen et al. (2008).
1.3 Geological setting
1.3.1 Arctic Ridge System
The ARS is one of the most prominent end members of ultraslow spreading mid-ocean
ridges with spreading velocities ranging from 17.2 mm y-1 to merely 7.3 mm y-1 full rate
(DeMets et al., 1994). It consists of the Gakkel Ridge in the Arctic Ocean with its south-
ern continuations Lena Trough, Molloy Ridge, Knipovich Ridge and Mohns Ridge (Fig.
1.3). The Arctic Ocean is connected to the global ocean system by solely one deep sea
gateway to the North Atlantic. Forming the deep-oceanic part of the Fram Strait, Lena
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Trough located between Greenland and Svalbard plays a key role for the deepwater ex-
change of the Arctic Ocean with the North Atlantic.
Gakkel Ridge is the slowest spreading part of the ARS and consists of three main segments
(Michael et al. 2003; Fig. 1.3a). The seaﬂoor of the Eastern Volcanic Zone (EVZ; 29◦E -
85◦E) is composed mainly of basalts (Michael et al., 2003) and shows decreasing spreading
rates toward the east. Volcanism at the EVZ is interpreted to occur at long-living volcanic
centres indicated by oﬀ-axis volcanic ridges. Most prominent is the 85◦N/85◦E volcanic
centre where a major teleseismic earthquake swarm occurred in 1999 (Müller and Jokat ,
2000). The occurrence of a magmatic accretion episode was conﬁrmed through the obser-
vation of a hydrothermal event plume, fresh basalts and explosion sounds (Schlindwein
and Riedel 2010 and references therein). The Sparsely Magmatic Zone (SMZ; 3◦E -
29◦E) shows hardly any evidence for active magmatism as predominantly peridotites
were dredged (Michael et al. 2003). The Western Volcanic Zone (WVZ; 7◦W - 3◦E)
shows elongated rift-parallel volcanic ridges with a length from 15 km to 50 km and a
continuous positive CMA is present along the entire section (Jokat and Schmidt-Aursch,
2007). In combination with the dredged abundant basalts (Michael et al., 2003), these
observations indicate robust magmatism at this segment. At its southern end, the WVZ
bends slightly and merges into the Lena Trough (Fig. 1.3b) which is oﬀset by several dex-
tral fracture zones (FZ) merging with the adjacent ridge segments (Engen et al., 2003).
The Lena Trough spreads obliquely with 13 mm y-1 full rate (DeMets et al., 1994) and is
interpreted to be an amagmatic segment of the ARS. The Spitsbergen FZ extends over
150 km forming a narrow valley oriented in northwest-southeast direction and connects
the Lena Trough segment with the 60 km long Molloy Ridge. At the southern end of the
Molloy Ridge, the seaﬂoor drops to a depth of ∼ 5600 m at the Molloy Deep (Klenke
and Schenke, 2002). With a length of ∼ 150 km, the Molloy FZ is oriented parallel to
the Spitsbergen FZ merging with the Knipovich Ridge. At ∼ 74◦N, the Knipovich Ridge
bends and meets with the Mohns Ridge which spreads with a full rate of 16.2 mm y-1
(DeMets et al., 1994).
Due to the perennial sea ice cover only few seismic lines are available for the Lena Trough
(Jokat , 2000; Ehlers and Jokat , 2009). These show sediments on the shelf of Northeast
Greenland which were folded in the shear movement separating Greenland and Spitsber-
gen from Late Mesozoic/Early Cenozoic (∼ 65 Ma) times followed by the onset of oblique
spreading (Jokat , 2000). Both ﬂanks of Lena Trough are covered with sediments delivered
from Greenland and Svalbard margins, respectively. The ﬂanks might have acted as dams
storing these sediments. In the central valley of Lena Trough, strong currents prevented
the deposition of sediments (Jokat , 2000). Further south at the Molloy FZ and the Mol-
loy Ridge, two deep seismic transects show a crustal thickness of ∼ 6 km at the ridge
axis (Czuba et al., 2005). Only few tens of km oﬀ-axis, the Moho deepens to > 10 km
as the continent-ocean transition zone and the continental crust of America and Eurasia
are located nearby. Further north, seismic proﬁles along Svalbard and across the Yermak
Plateau reveal a crustal thickness of > 15 km (Ritzmann and Jokat , 2003). The strong
positive CMA of the WVZ abruptly ends at ∼ 83◦N. Further south, it is only present
as a weak positive CMA disappearing completely south of 81.5◦N (e.g. Läderach et al.
2011; Leinweber 2006). Dredges at Lena Trough show abundant peridotites along the
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Figure 1.3: Segments of the Arctic Ridge System (ARS) with IBCAO bathymetry (Jakob-
sson et al., 2008). Globe showing outline of a) (blue box) and b) (red box).
a) Arctic Ocean with Gakkel Ridge’s three main segments and volcanic centre
at 85◦N/85◦E marked by circle. North Pole denoted as black star. Abbrevia-
tions: EVZ, Eastern Volcanic Zone; SMZ, Sparsely Magmatic Zone; WVZ,
Western Volcanic Zone. b) Fram Strait and North Atlantic with southern
segments of the ARS. Abbreviations: K, Knipovich Ridge; LT, Lena Trough;
MD, Molloy Deep; MFZ, Molloy FZ; Moh, Mohns Ridge; Mol, Molloy Ridge;
SFZ, Spitsbergen FZ.
whole segment (Snow et al., 2011). Basalts were dredged at 80.9◦N and north of 82.5◦N
where Lena Trough merges with the WVZ of Gakkel Ridge. High-resolution multibeam
bathymetry acquired on RV Polarstern by Heidland et al. (1998) and Gauger et al. (2007)
shows the topography of Lena Trough (Läderach et al., 2011). The central valley shows
several rift-parallel ridges extending over 20 km which could be the traces of normal faults
or detachment faults observed on ultraslow spreading ridges (e.g. Dick et al. 2003; Fig.
1.4). The seismic activity of Lena Trough is equally distributed along its entire length.
The Spitsbergen FZ shows abundant earthquakes with strike-slip mechanism, whereas in
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the Lena Trough predominantely earthquakes with extensional normal-faulting mecha-
nisms occur. Interestingly, the events occurring at the southern Lena Trough seem to be
shifted to the west relative to the ridge axis as evident in the bathymetry.
Figure 1.4: 3D-view of southern Lena Trough with vertical exaggeration of factor ∼ 10.
Compilation of high-resolution multibeam bathymetry (Läderach et al. 2011
and references therein) and IBCAO bathymetry (Jakobsson et al., 2008). Note
the deviation between IBCAO and the high-resolution dataset.
1.3.2 Southwest Indian Ridge
The SWIR separates Africa and Antarctica extending 7700 km from the Bouvet Triple
Junction (BTJ; intersection of SWIR with Mid-Atlantic Ridge and American-Antarctic
Ridge) in the southern Atlantic Ocean to the Rodrigues Triple Junction (RTJ; intersection
of SWIR with Central Indian Ridge and Southeast Indian Ridge) in the Indian Ocean
(Fig. 1.5a). It spreads with a full spreading rate of ∼ 14 mm y-1 (DeMets et al., 1994)
and consists of diﬀerent segments oﬀset by extended transform faults. Starting from
the BTJ, several of these faults are present including Shaka FZ bordering the ’Oblique
Supersegment’ (Dick et al., 2003) to the west (Fig. 1.5b). Extending from 10◦E to
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16◦E, this segments spreads highly oblique (∼ 51◦). It is followed by the 600 km long
’Orthogonal Supersegment’ (Dick et al., 2003) which spreads nearly orthogonal extending
from 16◦E to 25◦E. It is terminated by the Du Toit FZ to the east. Together with the
adjacent Du Toit FZ, Marion FZ and Prince Edward FZ, the large Andrew Bain FZ
system oﬀsets the SWIR ∼ 1200 km to the northeast (Sauter and Cannat 2010; Fig.
1.5a). Between ∼ 39◦E and 61◦E, several smaller transform faults are found. From 61◦E
until the SWIR meets the RTJ at ∼ 70◦E, no fracture zones oﬀset the SWIR. Thus, this
segment bears similarities to the Arctic Gakkel Ridge as well as to the section from 10◦E
to 25◦E as they are devoid of long-lived transform faults and non-transform discontinuities
(Sauter and Cannat , 2010).
Whereas the Oblique and the Orthogonal Supersegment show mean depths of ∼ 4000
m and ∼ 3500 m, respectively (Grindlay et al., 1998), the segments between the Prince
Edward FZ and the Gallieni FZ are shallower with an average depth of∼ 3200 m forming a
bathymetric swell of 2200 km along axis (Georgen et al., 2001). For these segments, a large
negative mantle Bouguer anomaly (MBA) indicates the presence of thicker magmatic crust
or a hotter mantle (Sauter and Cannat , 2010) inﬂuenced by the nearby Marion (Georgen
et al., 2001) and Crozet hotspots (Sauter et al., 2009) interacting with the SWIR (Fig.
1.5a). The segments along this swell spread with slight obliquities of ∼ 25◦. East of this
swell, the mean depths increase again reaching depths of > 4000 km close to the RTJ
(Mendel et al., 1997). Between the Gallieni FZ and 64◦E, spreading is highly oblique (>
30◦) to become again slightly oblique toward the RTJ.
Abundant mantle-derived peridotites from dredges at the SWIR indicate an apparent
absence of active volcanism on long stretches of ridge compared to faster spreading ridges
(Dick et al., 2003; Sauter et al., 2004a; Seyler et al., 2003). The easternmost and deepest
part of the SWIR seems to represent a melt-poor end member (Cannat et al., 1999, 2008).
This is conﬁrmed by seismic data indicating the presence of anomalously thin crust in
this region (Minshull et al., 2006; Muller et al., 1999). Cannat et al. (2003) suggest that
the melt supply at this section of the SWIR is focussed on volcanic centres which are
shorter lived than at faster spreading ridges. This idea can be adopted as well for the
westernmost part of the SWIR with the Oblique and Orthogonal Supersegment. These
two segments show water depths comparable to the easternmost SWIR section and Dick
et al. (2003) reports the presence of at least two volcanic centres, namely the Joseph
Mayes seamount and the Narrowgate magmatic segment, at the Oblique Supersegment
(Fig. 1.5b). The Orthogonal Supersegment is attributed to be a magmatic segment due
to its continuous positive CMA and the abundant rift-parallel ridges probably of volcanic
origin bearing similarities to the WVZ of Gakkel Ridge. High-resolution bathymentry
mapped by Grindlay et al. (1998) shows a narrow rift valley with abundant rift-parallel
elongated ridges possibly of volcanic origin (Fig. 1.6). At the ﬂanks of the rift valley,
ubiquitous ridges with steep slopes seem to be fault traces of normal fault planes (Fig.
1.6) on which earthquakes with extensional source mechanism are generated.
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Figure 1.5: Segments of the Southwest Indian Ridge (SWIR) with ETOPO 2 bathymetry
(Smith and Sandwell , 1997). Globe with red box showing outline of a). a)
Numbers denoting major transform faults and white box showing outline of b).
Abbreviations: AAT, American-Antarctic Ridge; BTJ, Bouvet Triple Junc-
tion; CIR, Central Indian Ridge; Cr, Crozet hotspot; Ma, Marion hotspot;
MAR, Mid-Atlantic Ridge; RTJ, Rodriguez Triple Junction; SEIR, Southeast
Indian Ridge; 1, Shaka FZ; 2, Du Toit FZ; 3, Andrew Bain FZ; 4, Marion FZ;
5, Prince Edward FZ; 6, Eric Simpson FZ; 7, Discovery FZ; 8, Indomed FZ;
9, Gallieni FZ; 10, Atlantis II FZ; 11, Novara FZ; 12, Melville FZ. b) Oblique
and Orthogonal Supersegment (Ss) with spreading directions after Dick et al.
(2003). Abbreviations: JM, Joseph Mayes seamount; Ng, Narrowgate mag-
matic segment; 16◦E, 16◦E discontinuity (numbers see a).
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Figure 1.6: 3D-view of the high-resolution bathymetry (Grindlay et al., 1998) for the cen-
tral Orthogonal Supersegment of the SWIR with vertical exaggeration of factor
∼ 5.
1.4 Speciﬁc questions
Microseismicity studies of faster spreading ridges show improved detection capabilities
compared to studies falling back on teleseismic datasets. The focal depths detected in mi-
croseismicity studies give information about the thermal state of the lithosphere (Toomey
et al., 1985) and trace hydrothermal circulation of mid-ocean ridges (Tolstoy et al., 2008).
Consequently, it can be expected to gain a more comprehensive insight into the spreading
mechanisms of ultraslow spreading mid-ocean ridges by collecting local and regional data
as an addition to the available teleseismic datasets. The microseismicity is expected to
show diﬀerent characteristics reﬂecting amagmatic and magmatic segments. This can only
be evaluated in case studies of constrasting segments. Hence, my PhD project consists of
three main tasks using several datasets of local, regional and teleseismic scales:
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1. The improvement of the data acquisition technique of seismic arrays on ice ﬂoes is
needed to perform local studies at the Lena Trough where the ship’s absence requires
longer station endurance. Instead of the borrowed short-period sensors used in the
pilot studies, broadband sensors suitable for a broader application ﬁeld are to be
used. The station endurance has to be optimized for longer survey periods as well as
the logistics for the deployment and recovery. I conducted two surveys in 2008 and
2009 with the improved stations conscientiously analysing the performance of the
stations and developed a processing method to localize the recorded earthquakes.
The data collected in the two surveys are further used for the case study of Lena
Trough.
2. The case study of the amagmatic Lena Trough consists of a teleseismic and a local
dataset of the two surveys in 2008 and 2009. In the long-term teleseismic record,
the amagmatic Lena Trough shows a preponderance of seismic activity west of the
ridge axis. This eﬀect is not observed at any other segment of the ARS and its cause
has not been analysed yet. A relocalization of the teleseismic earthquakes has to be
made to test whether these epicentres are biased due to a systematic error of the
automatic ISC localization or the asymmetry is real. Encompassed by several land
stations of the global station network, Lena Trough has an ideal location to perform
detailed seismicity studies (Fig. 1.1a). Assuming that the land stations in Greenland
and Svalbard are close enough to Lena Trough to record its seismic activity, an
additional local study of microseismicity would ideally link local and teleseismic
datasets and thus bridge the gap between the datasets. The improved seismic arrays
were used to monitor earthquakes with a suﬃcient magnitude to be detectable by
land stations as well. Including this previously undetected microseismicity would
allow a comprehensive analysis of Lena Trough’s seismic activity answering if the
microseismicity is distributed asymmetrically similar to the teleseismic dataset, if
high and low magnitude earthquakes are equally distributed over the study area and
what are the hypocentral depths of the earthquakes at an amagmatic ridge segment
with continental crust nearby.
3. The second case study concerns the Orthogonal Supersegment of the SWIR where a
teleseismic and a regional dataset are available. Being one of the closest stations to
the Orthogonal Supersegment, the seismic array of the German Neumayer station in
Antarctica, lies in a favourable position to provide a regional dataset of the western
SWIR (Fig. 1.1b). In the long-year dataset of the array, automatic detections with
backazimuths referring to the region of the Orthogonal Supersegment bear evidence
of the repetitive occurrence of earthquake swarms with highly increased event rates.
These swarms could be associated to a volcanic centre which has been proposed to
exist at the Orthogonal Supersegment (e.g. Grindlay et al. 1998). Without any
nearby land stations, many earthquakes probably go undetected and the swarms
are recorded incompletely. Thus, the regional data of the Neumayer array provide
a possibility to lower the detection threshold compared to the teleseismic dataset
which might bridge the gap between the datasets detecting swarm events and inter-
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event seismicity. The two datasets have to be compared in order to answer questions
such as what magnitudes dominate a swarm, at which stage of the swarms the largest
magnitudes are released, if a spatial migration of the swarms is evident and what




The International Seismological Centre (ISC) archives and provides data of the global
station networks (International-Seismological-Centre, 2001). Phase readings and station
information can be extracted from their catalogue worldwide or for speciﬁc regions. For
the relocalization of the teleseismically detected events at Lena Trough (see chapter 5) and
the Orthogonal Supersegment of the SWIR (see chapter 7), I extracted phase readings for
the speciﬁc regions and station coordinates for the stations which reported earthquakes
in my study areas (Fig. 1.1).
2.2 Regional dataset
The regional dataset of the VNA2 array (Büsselberg et al., 2001) contains earthquakes
occurring at the SWIR in a regional distance of ∼ 21◦. The array is operated by the crew
of the German Neumayer station in East Antarctica (Fig. 1.1b). It is located on Halvfar
Ryggen on a bedrock rise covered by several hundred metres of ice (Fig. 2.1). It is among
the closest stations to the SWIR. The small-aperture array is detecting the backazimuth,
apparent velocity and signal-to-noise ratio of the arriving waves which allows to estimate
the source region of the signal. Thus, the array can be used for regional and local studies
as events of speciﬁc regions can be extracted and analysed in detail which I did in my
third publication concerning the western part of the SWIR (see chapter 7).
2.3 Local dataset
In the Arctic Ocean, the perennial ice cover prohibits the usage of ocean bottom instru-
mentation and land stations are not located nearby. Hence, we deployed seismic arrays
on drifting ice ﬂoes to record local microseismicity (Fig. 2.2). During two deployments
in the Fram Strait in 2008 and 2009 (Fig. 1.1a), 25 days of continuous seismic data have
been collected. This local dataset is analysed in the ﬁrst paper (see chapter 5) describ-
ing local seismicity of the Lena Trough exemplarily for an amagmatic mid-ocean ridge
segment. We localized the events recorded during these two experiments to set them in
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Figure 2.1: Neumayer seismic array in East Antarctica (c.f. Fig. 1.1b). a) Red container
with data acquisition system and radio antenna in the centre of the array. b)
Array geometry with three concentric rings and 15 short-period array sensors
and central broadband station VNA2 (red triangle; after Büsselberg et al.
2001).
context with the relocalized teleseismic earthquakes in the study area. The acquisition
technique is described in the second paper (see chapter 6). For this second publication,
I use data examples of these two experiments and two additional datasets. These have
been collected during pilot studies with short-period sensors deployed along Gakkel Ridge
in 2001 and 2007 providing another 47 days of continuous seismic data.
Figure 2.2: Seismic arrays deployed on ice ﬂoes in Fram Strait in 2008 and 2009. Single
station (top left; box containing the data acquisition system and batteries and
the sensor covered with snow on the right) set up on an ice ﬂoe. Note scale of
the ice ﬂoes (bottom left).
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This chapter is not meant to anticipate the methods explained in detail in the particular
papers. In fact, its purpose is to illustrate more speciﬁcally some of the methods I used
during my PhD and their inherent diﬃculties.
3.1 Special methods
3.1.1 Data acquisition technique
Local seismicity studies are necessary to record lower magnitude earthquakes providing
insight into spreading processes. At the ARS, such a proposition is not possible apart
from deploying seismometers on ice ﬂoes. Pilot studies in 2001 and 2007 with borrowed
material showed promising results and therefore this data acquisition technique should be
further developed and improved within this PhD project. The arrays during pilot studies
were equipped with short-period sensors and had to be redeployed after few days because
of limited station endurance and logistic issues.
In order to improve the station performance, our working group acquired our own equip-
ment suitable for that speciﬁc application including broadband sensors for a broader
application ﬁeld. When I joined the ’MOVE - Mid-Ocean Volcanoes and Earthquake’
group of Vera Schlindwein in 2008, we adapted the stations for a deployment in Fram
Strait, a region close to the ice edge with a highly increased ice mobility. During 2008,
we deployed three arrays of this kind with a total of 9 stations gaining further experience
which resulted not only in a dataset used in a local study (see chapter 5), but also led to
further improvements of array conﬁguration, deployment strategy and improved methods
for a safe recovery of the stations. In 2009, I performed a second survey with one array
of three stations which considerably proﬁted from the previous experiences in terms of
a better data quality and a constant tracking of the stations. These two experiments
were the ﬁrst ones to work with broadband sensors deployed on sea ice. After we learned
to handle the increased sensitivity of the sensors to cryogenic noise causing failures, the
wider frequency range gained by broadband sensors improved the data quality.
The stations are deployed by helicopters operating from an icebreaking vessel and then
left drifting on the ice ﬂoes for up to 15 days during which they monitor the seismicity
beneath the ice cover. For such an attempt, logistic constraints such as weight and vol-
ume for transportation in the helicopter, array design for optimized survey capabilities
and equipment to track the stations for recovery have to be considered. Among the things
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modiﬁed from common land stations is the base of the sensor, as it is built up on the
ice surface and is covered with snow to shield it from temperature changes and minimize
the noise level due to windy weather conditions. The usage of a phenolic resin-coated
plywood plate has proven to be an adequate solution. This kind of base will not soak
melt water and while the upper side is roughened the sensor will not shift on its base.
Such a simpliﬁed setup is not comparable with the thermally isolated cavities built for
sensors onshore, but it is the best method possible in this environment with the limitation
to transport much additional material and limited time for station installation.
The stations need to be completely self-dependent during survey periods of ∼ 20 days.
Hence, the endurance of the energy supply is crucial for the functionality of the sensor,
data acquisition system and data storage even at temperature conditions below 0◦C. In
2009, we experimented with solar panels mounted on the lid of the box containing the data
acquisition system and the batteries. Even during heavy fog, the solar panels constantly
charged the batteries drastically extending the station endurance. Principally, longer
survey periods are possible now which has been the aim for our instrumentation. The
access to the stations is limited to certain periods when RV Polarstern is close enough to
reach the stations per helicopter. With the improved station endurance, the tight cruise
schedule is now the limiting factor of the seismic survey period.
Furthermore, it is absolutely vital to equip the stations with a reliable tool to get their
position while they follow the ice ﬂoe drift. The continuous tracking of the stations is
crucial for the ﬂight planning to recover the sensors as wind conditions might drastically
change the velocity and direction of the ice drift. Additionally, diﬃcult weather conditions
with the danger of persistent sublimation fog during Arctic summers might impede ﬂight
activities for days. Especially with the stations drifting close to the ice edge, conscien-
tious planning and the consideration of ice drift forecast and weather forecast are vital to
successfully retrieve the stations.
3.1.2 Processing
The analysis of a dataset obtained with seismic arrays deployed on drifting ice ﬂoes cannot
be made with standard approaches. Normally, stations have a ﬁxed position and station
terms are used to correct for the station elevation. In standard situations, a 1D-velocity
model can be applied which will use the elevation correction for the respective stations.
In our case, each recorded earthquake has its own set of receiving stations as they are
drifting along with the ice ﬂoes. Hence, we face a varying water layer thickness which
requires diﬀerent velocity models. Consequently, the water layer thickness has to be taken
into account depending on the station position at the time of an earthquake. Being far
from a standard routine, it has been a signiﬁcant part of my PhD project to develop a
localization technique for the data recorded by these stations.
After the ﬁrst experiment in 2008, I developed a routine to perform earthquake localization
with HYPOSAT, a least-squares algorithm by Schweitzer (2001). After the onsets of
the P- and the S-waves have been picked, the array position at the arrival time of an
earthquake is interpolated between the hourly locked GPS coordinates of the stations.
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The water depth for the respective station coordinates is extracted from the closest data
point of the IBCAO grid (Jakobsson et al., 2008). A basic velocity model is prepared with
a water layer thickness of the average values of all extracted water depths. With respect
to this reference depth, time is added or subtracted from the travel time picks in order to
account for the diﬀerence between the water depth beneath the station and the reference
depth. This water depth dependent travel time correction is described in more detail in
chapter 5.
3.1.3 Problems
For the microseismicity study at the Lena Trough it was impossible to bridge the gap
between teleseismically recorded earthquakes and local events recorded by the seismic
arrays. Earlier studies with sensors deployed on ice ﬂoes at Gakkel Ridge recorded events
with magnitudes mb ∼ 2 (Schlindwein et al., 2007; Schlindwein and Riedel , 2010). Occur-
ring in the High Arctic, one earthquake has been strong enough to be recorded at a single
land station. As Lena Trough is located closer to land stations of the global network (Fig.
1.1a), we expected to record events of about mb 1 - 2 detectable at nearby stations in
Svalbard or Greenland.
Such a combined detection of an earthquake in the teleseismic dataset of the global sta-
tion network and our local stations would yield reference earthquakes to determine relative
magnitudes for the events of the local dataset. Surprisingly, no earthquakes with a mag-
nitude suﬃciently high to be recorded on land occurred at Lena Trough during the survey
periods of altogether 25 days. Thus, the teleseismic and the local datasets could not be
linked causally.
Furthermore, the seismic arrays drifted out of the Lena Trough rift valley which is due to
the ice ﬂoe velocity signiﬁcantly increasing close to the ice edge. In 2008, the three arrays
drifted further south and above the Spitsbergen FZ before we recovered them. Drifting
out of the rift valley, the arrays were incapable of recording low magnitude events on the
valley ﬂanks and within Lena Trough. In 2009, the deployed array was almost stationary
above the southern Lena Trough for the ﬁrst days of the survey as a southerly wind was
pressing the ice ﬂoes northward. After the wind subsided, the arrays were drifting east-
wards leaving the rift valley to stay above the eastern valley ﬂank of Lena Trough. There,
a vast amount of very low magnitude earthquakes right beneath the array was recorded
which are only detectable over distances < 20 km. Hence, little seismicity is picked up
from the western ﬂank. Due to the unfavourable station conﬁguration, it is impossible
to convey anything about the asymmetric earthquake distribution from the local dataset.
Several redeployments as made in 2007 (Schlindwein and Linder , 2007) were logistically




3.2 Standard seismological methods
In this section, I intend to describe the standard seismological methods I used during my
PhD project beside the special methods explained above. Here, the methods shall not be
explained as they are outlined in the publications following in separate chapters. Instead,
I want to give some background information about what additional working steps were
required to apply these standard methods and what was my share in establishing those.
Similar to the special methods, the standard procedures demand extensive shell program-
ming. For this, I could beneﬁt from certain shell scripts programmed by members of our
working group for their own usage before. These scripts provided a helpful base, I was
free to adapt for my purposes. However, in other parts I established my own shell scripts
which now in turn might serve as a similarly helpful base for others. Speciﬁcally, my
main share in programming concerns all the scripts related to the localization procedure
and the travel time correction according to diﬀerent water depths being part of my PhD
project. For many other purposes, I did my own shell scripting such as the extraction of
the detected events at the SWIR on the regional Neumayer dataset and the magnitude
determination of events therein.
3.2.1 Local data of Lena Trough
Filtering of waveform data and picking of arrival times and amplitudes was done in the
earthquake analysis software SEISAN (Ottemöller et al., 2011). To produce plots of seis-
mograms (amplitude/time domain), I used the software package of SAC2000 designed
for sequential series analysis of time series data (Goldstein et al., 2003) which is able
to write the waveform data in ascii format for further usage in Generic Mapping Tool
(GMT; Wessel and Smith 1995). Spectrums (amplitude/frequency domain) are calcu-
lated in SAC2000 as well, whereas for the spectrograms (frequency/time domain), I used
MATLAB for the visualization of this data. The shell scripts performing data format
conversion needed to import waveform data into these software packages already existed
in our working group and I had to simply adapt them.
The routine for the localization of the ice ﬂoe recorded events as described in chapter
5 required extensive shell programming which was among the main tasks of my PhD
project.
3.2.2 Regional data of the Neumayer array
To extract and cut the waveform data from the regional Neumayer dataset, I did extensive
shell scripting as the waveform data needed to be converted into diﬀerent formats which
is easily run as a repetitive process embedded into a single shell program. Importing this
dataset into SEISAN for amplitude picking is also done by shell scripting.
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For the calculation of the waveform coherence for the same dataset, I beneﬁted from the
shell scripting already done by Vera Schlindwein for another dataset such that I solely
had to adapt the scripts for my purposes and to visualize the data.
I calculated the intermediate-period/broadband body-wave magnitude (mb) from the
peak-to-peak amplitude of the P-wave train and its period as described in chapter 7.
The speciﬁcations of the sensor (Tab. 3.1) and the data acquisition system are needed
to convert the amplitude from counts to a dimension independent of the sensor and thus
usable for the calculation. Within the P-wave train, the highest peak-to-peak ampli-
tude and its corresponding period is picked for the magnitude determination. Before the
amplitudes are picked in the earthquake analysis software SEISAN (Ottemöller et al.,
2011), a seismometer response ﬁle needs to be created. This ﬁle contains the generator
constant, the recording media gain of the data acquisition system, the preampliﬁer factor
and the poles and zeros describing the transfer function of the sensor. Picking amplitudes,
SEISAN automatically restitutes the seismometer response function as deﬁned in the re-
sponse ﬁle. Thus, the amplitude pick is converted from counts to metres. The picked
amplitude and the corresponding period are enlisted in an output ﬁle which can be used
for the magnitude calculation as described in chapter 7. This procedure is only adaptable
as long as sensor, data acquisition system and, most importantly, the preampliﬁer factor
are not changed. Otherwise, a new response ﬁle has to be created.
After extracting amplitude and period form the SEISAN output ﬁle and calculating the
magnitudes with an automated shell script, I transformed the body-wave magnitude mb
to the uniﬁed magnitude M which is commonly used to calculate moment releases and
the b value. For these calculations, I adapted shell scripts that existed already in our
working group.
Table 3.1: Speciﬁcations of the central broadband sensor (VNA2) and the Lennartz PCM-




3.2.3 Teleseismic earthquake relocalization
Earthquakes monitored in teleseismic distances with the global network are localized by
ISC using a standard localization algorithm. Especially for earthquakes in remote regions,
these localizations should be veriﬁed as systematic errors biasing the localization cannot
be estimated. To perform a more sophisticated relocalization, all available phases and
their arrival times from earthquakes in the desired study area are extracted from the bul-
letin of the ISC (International-Seismological-Centre, 2001). The phases are cleared and
only primary (P), secondary (S) waves and core phases are used for the relocalization.
Often, the automated phase detections of the global station network report duplets of
phases which I removed by deleting the second phase of a kind.
The relocalization is done with HYPOSAT, a least-squares algorithm (Schweitzer , 2001)
which is a standard algorithm for earthquake localizations. I used a simple master event
localization technique according to the method described by Fitch (1975). This localiza-
tion technique minimizes the inﬂuence of regional deviation form a 1-D velocity model
along the wave path and improves the localization of events with few reported phases
as the arrival time residuals of an earthquake are used to correct the residual of other
events occurring in the same region. This correction is done with shell scripts already
programmed by Vera Schlindwein which I adapted for my purposes. The epicentres of
my datasets at the Lena Trough and the Orthogonal Supersegment of the SWIR cluster
more densely at the rift axis and along other geological structures allowing a geological
interpretation which was diﬃcult before.
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4 Contribution to scientiﬁc journal publications
This chapter summarizes my contributions and a brief describtion of the three scientiﬁc
articles present in the following chapters in their original form. The papers appear in the
chronological order of publication, even if the development of seismic arrays on ice ﬂoes
is enlisted as the ﬁrst of the three tasks of my PhD project (see section 1.4).
4.1 Seismicity and active tectonic processes in the ultraslow
spreading Lena Trough, Arctic Ocean
C. Läderach, V. Schlindwein, H.-W. Schenke and W. Jokat
Geophysical Journal International (2011), 184, 1354-1370
doi: 10.1111/j.1365-246X.2010.04926.x
This paper (see chapter 5) combines teleseismic and local seismicity studies at the Lena
Trough located in Fram Strait. The Lena Trough is the southern end of the ultraslow
spreading Gakkel Ridge and is an amagmatic nascient mid-ocean ridge segment. We
present the relocalization of earthquakes detected by the global station network and the re-
sults of two experiments with local seismicity recorded with seismometers deployed on ice
ﬂoes. Furthermore, the paper contains a new compilation of high-resolution bathymetry
of the Fram Strait obtained in various RV Polarstern cruises. Additionally, new magmatic
data are presented to illustrate the opening history of the Lena Trough.
Christine Läderach did the the relocalization and all the work related with the seismo-
logical data and interpretation including data acquisition in 2008 and 2009 and writing
the manuscript. Vera Schlindwein supervised the research. The bathymetric dataset was
compiled by the working group of Hans-Werner Schenke, whereas the magnetic dataset
was provided by Wilfried Jokat.
4.2 Seismic arrays on drifting ice ﬂoes: Experiences from four
deployments in the Arctic Ocean
C. Läderach and V. Schlindwein
Seismological Research Letters (2011), 82, 494-503,
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doi: 10.1785/gssrl.82.4.494
This paper (see chapter 6) reports about our experience with seismic arrays installed on
drifting ice ﬂoes. We conducted four experiments deploying seismometers on ice ﬂoes to
record local seismicity in regions where other surveys are prohibited by the perennial ice
coverage. During these experiments, the equipment and station setup has been reﬁned
and developed in order to balance logistic constraints and optimal survey methods. Addi-
tionally, the paper presents the variety of signals which were recorded and analysed. The
goal of the paper is to introduce this young method allowing microseismicity studies in
the Arctic Ocean.
Christine Läderach conducted the two experiments in 2008 and 2009 whose data is pre-
sented in the ﬁrst paper (see section 4.1) and wrote the manuscript. Vera Schlindwein
developed the station conﬁguration, performed the experiment in 2007 and supervised
the research.
4.3 Characteristics of tectono-magmatic earthquake swarms at the
Orthogonal Supersegment of the Southwest Indian Ridge
C. Läderach, E. I. M. Korger, V. Schlindwein, C. Müller and A. Eckstaller
Geophysical Journal International, submitted on November, 3rd 2011
This paper (see chapter 7) presents an 8-year long dataset of the VNA2 seismic array
operated by the German Neumayer station in East Antarctica. We extracted array de-
tections of seismicity at the Southwest Indian Ridge (SWIR) and calculated magnitudes
of 743 events ﬁnding four swarm periods of highly increased seismicity. We interpreted
these swarms in order to localize them at the Orthogonal Supersegment of the SWIR and
to detect possible magmatic accretion episodes.
Christine Läderach did the event extraction, phase picking and further analysis of the
events occurring at the SWIR and the writing of the manuscript. Edith Korger provided
her expertise in the statistical analysis of the aftershock decay law and did these calcula-
tions. Christian Müller reported on the possibility that SWIR swarms are detected by the
VNA2 array. Alfons Eckstaller provided the time-corrected waveform data of the Neu-
mayer observatory and assisted in magnitude calculations. Vera Schlindwein supervised
the research.
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Seismicity and active tectonic processes in the ultraslow spread-
ing Lena Trough, Arctic Ocean
C. Läderach, V. Schlindwein, H.-W. Schenke and W. Jokat
Alfred Wegener Institute for Polar and Marine Research, Am Alten Hafen 26, D-27568
Bremerhaven, Germany. E-mail: Christine.Laederach@awi.de
5.1 Summary
With its remote location in the ice covered Fram Strait, Lena Trough is a poorly known
segment of the global mid-ocean ridge system. It is a prominent member of the ultraslow
spreading mid-ocean ridges but its spreading mechanisms are not well understood. We
relocalized teleseismically recorded earthquakes from the past ﬁve decades to identify tec-
tonic processes in Lena Trough and the adjacent Spitsbergen Fracture Zone (FZ). During
two cruises with RV Polarstern in 2008 and 2009 we deployed seismic arrays on ice ﬂoes
to record the local seismicity of Lena Trough. We could identify and localize microseismic
events which we assume to be present in the entire rift valley. In contrast, our relocaliza-
tion of teleseismically recorded earthquakes shows an asymmetric epicentre distribution
along Lena Trough with earthquakes occurring predominately along the western valley
ﬂanks of Lena Trough. In 2009 February/March, several high magnitude earthquakes
peaking in an mb 6.6 event occurred in an outside-corner setting of the Spitsbergen FZ.
This is the strongest earthquake which has ever been recorded in Fram Strait and its loca-
tion at the outside-corner high of the ultraslow spreading ridge is exceptional. Comparing
the seismicity with the magnetic anomalies and high-resolution multibeam bathymetry,
we divide Lena Trough in a symmetrically spreading northern part and an asymmetrically
spreading southern part south of the South Lena FZ.
We propose that a complex interaction between the former De Geer Megashear zone, which
separated Greenland from Svalbard starting at Late Mesozoic/Early Cenozoic times, and
the developing rift in the southern Lena Trough resulted an increasing eastward dislo-
cation towards the Spitsbergen FZ between older spreading axes and the recent active
spreading axis which we believe to be located west of the bathymetric rift valley ﬂanks in
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a wide extensional plain.
Key words: Seismicity and tectonics; Mid-ocean ridge processes; Oceanic transform and
fracture zone processes; Arctic region.
5.2 Introduction
Located between Greenland and Svalbard, Fram Strait is the only deep sea gateway con-
necting the Arctic Ocean with the global ocean system. Its geological evolution thus plays
a key role for the deepwater exchange of the Arctic Ocean with the North Atlantic. The
establishment of the deep water connection between the North Atlantic and the Arctic
Ocean has been the subject of several studies (Thiede et al., 1990; Jokat , 2000; Eide and
BATLAS , 2003; Engen et al., 2008; Ehlers and Jokat , 2009). However, Lena Trough
(Fig. 5.1), the deep-oceanic part of Fram Strait, together with Gakkel Ridge in the Arctic
Ocean is one of the main representatives of an ultraslow spreading mid-ocean ridge. Dick
et al. (2003) classiﬁed mid-ocean ridges with spreading rates of < 20 mm y-1 full rate as
ultraslow spreading ridges. Lena Trough is a ∼ 150 km wide and ∼ 3 km deep oblique
segment of the Eurasia–North America plate boundary opening with 13 mm y-1 full rate
(DeMets et al., 1990). The segment of Lena Trough and the adjacent spreading ridges are
connected through several fracture zones (FZs) which are moving in a dextral shear sense
(Engen et al., 2003), among which the Spitsbergen FZ is the most prominent. It forms a
narrow northwest–southeast oriented valley with a length of about 150 km connecting the
southern Lena Trough with the 60 km long Molloy Ridge in the south (Fig. 5.1). At the
southern end of Molloy Ridge the seaﬂoor drops to depths of about 5600 m (Klenke and
Schenke, 2002) and forms the so-called Molloy Deep (Fig. 5.1). Oriented parallel to the
Spitsbergen FZ, the Molloy Fracture Zone (Molloy FZ) connects the Molloy Ridge with
the Knipovich Ridge which is part of the North Atlantic mid-ocean ridge system.
In this study, we present a compilation of high-resolution multibeam bathymetry data
of the Lena Trough region acquired on RV Polarstern cruises by Heidland et al. (1998)
and Gauger et al. (2007). Aeromagnetic data were collected from 1998 to 2004 covering
the Fram Strait (Leinweber , 2006; Ehlers and Jokat , 2009). There are only few seismic
studies conducted in Lena Trough as the permanent ice coverage puts at risk the seis-
mic equipment. Jokat (2000) and Ehlers and Jokat (2009) presented seismic lines with
cross-sections of Lena Trough showing folded sediments on the Northeast Greenland shelf.
The major geological reason for this folding is the shear movement between Greenland
and Svalbard which started in Late Mesozoic/Early Cenozoic times followed by oblique
spreading (Jokat , 2000).
Active geological processes result in seismic activity which in turn allows conclusions
on the prevailing thermal and mechanical state of the mid-ocean ridge lithosphere (e.g.
Toomey et al. 1985). As the main representatives of ultraslow spreading ridges are situ-
ated in ice covered or rough waters (e.g. Gakkel Ridge and Southwest Indian Ridge) very
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little is known about the seismic activity of ultraslow spreading ridges. At Lena Trough,
the deployment of ocean bottom seismometers is prevented by the permanent ice cover
and only few land stations are located nearby.
Figure 5.1: Overview of Fram Strait region with location of the study area in the small
map. White dots plot ISC locations from 1963 until 2009. Abbreviations: G,
Greenland; GR, Gakkel Ridge; HR, Hovgård Ridge; I, Iceland; KR, Knipovich
Ridge; LT, Lena Trough; MD, Molloy Deep; MFZ, Molloy Fracture Zone (FZ);
MR, Molloy Ridge; S, Spitsbergen/Svalbard; Sc, Scandinavia; SFZ, Spitsber-
gen FZ. IBCAO bathymetry (Jakobsson et al., 2008) with contour lines (1000
m spacing).
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Engen et al. (2003) presented a qualitatively reﬁned selection of teleseismically recorded
earthquakes from several catalogues for the period 1955-1999 along the entire Arctic mid-
ocean ridge system indicating active tectonic processes generating earthquakes in Lena
Trough. Recently, eﬀorts have been made to comprehensively analyse the seismicity of
the Arctic ridge system by local (Schlindwein et al., 2005, 2007; Schlindwein and Riedel ,
2010) and teleseismic (Riedel and Schlindwein, 2010) studies of predominantly magmatic
segments of Gakkel Ridge. This study focuses on understanding ultraslow spreading
processes in Lena Trough, an obliquely spreading amagmatic segment of the Arctic ridge
system. We combine an analysis of microearthquake data acquired with seismic stations
on drifting ice ﬂoes using the method described by Schlindwein et al. (2007) with a geologi-
cal interpretation of teleseismic earthquakes archived in the catalogue of the International
Seismological Centre (ISC; International-Seismological-Centre 2001) which we relocated
thoroughly. ISC locations of teleseismic earthquakes indicate an asymmetric distribution
of earthquakes relative to the rift axis which we examine in this paper for its validity
using relative relocalization techniques and a constringent selection of reliably located
earthquakes. We further investigate in detail an exceptionally large earthquake of mb
6.6 that occurred between our microseismicity surveys in an outside-corner setting of the
Spitsbergen FZ in 2009 March.
5.3 Methods
5.3.1 Relocalization of teleseismic earthquakes
We extracted all events and their phase arrival times from the ISC bulletin for the region
from 78◦N to 83◦N and 10◦W to 10◦E. Covering a time span from 1963 until 2009 the
catalogue contains about 400 teleseismically recorded earthquakes. The ISC locations
scatter widely along the rift axis occurring predominantly on the western ﬂank of the
rift (Fig. 5.1). To verify whether this asymmetric distribution of seismicity is real or an
eﬀect caused by localization bias and to interpret the distribution of seismicity in detail
we relocalized these events.
We used HYPOSAT, a least-squares algorithm (Schweitzer , 2001), which makes best use
of available phase information by including not only ﬁrst and later phase arrival times
but also their diﬀerences (e.g. S-P). As velocity model we used the adapted version of
iasp91 for oceanic environment of Kennett (1992) with the only modiﬁcation of a crustal
layer of 15 km thickness with a P-wave velocity gradient from 5.5 km s-1 to 7 km s-1 at
the Moho and a vp/vs ratio of 1.73. The Moho depth of 15 km takes into account oceanic
crust situated in vicinity of continental crust as seismic proﬁles in the region suggest
(Ritzmann and Jokat , 2003; Czuba et al., 2005). This velocity model was applied up to
an epicentral distance of 10◦. We extensively tested diﬀerent starting depths before we
ﬁxed the depth for the localization at 15 km, but for a second iteration let HYPOSAT
calculate free hypocentre depths. To test the stability of the HYPOSAT localization we
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localized the same dataset using NonLinLoc, a non-linear grid-search algorithm (Lomax
et al., 2000) and compared the location diﬀerences of the epicentres ﬁnding that well-
constrained earthquakes with > 50 phase readings show an average location diﬀerence of
∼ 13 km, for earthquakes with < 50 phases the average location diﬀerence is ∼ 18 km with
HYPOSAT epicentres clustering better in the rift valley. For smaller events, the use of
phase diﬀerences as additional input data is advantageous. In the following, we therefore
use HYPOSAT as localization routine. In a next step, we performed a simple master
event (ME) localization according to the technique described by Fitch (1975). The ME
localization technique minimizes the inﬂuence of regional deviations from a 1D-velocity
model along the wave path and improves the relative location of smaller earthquakes
relative to the selected ME. The arrival time residuals of the ME are assumed to be
caused solely by velocity anomalies along the wave path. Assuming that the wave paths
of diﬀerent events occurring in the same region are nearly identical, the arrival time
residuals of the ME at the diﬀerent recording stations can be used as a station correction
for the relocation of all other events located in the same area. For this purpose we divided
the study area in three segments and chose three high magnitude earthquakes with > 600
phases as ME (Tab. 5.1) in places where many events cluster (Fig. 5.2). The location
diﬀerence between the NonLinLoc and the HYPOSAT solution for these three MEs is
< 8.5 km giving conﬁdence in the absolute location of the MEs. We then relocated the
remaining events of each segment relative to its ME resulting in greatly reduced rms
residuals.
We could relocalize a total number of 142 earthquakes with a mean rms error of 0.73 s and
an average of 69 phases. Earthquakes with < 15 phases were excluded. The mean length
of the semi-major axis of the 95% error ellipse is 7.06 km. Events with a semi-major axis
of > 20 km were excluded from further geological interpretation. The resulting epicentres
used for interpretation are shown in Fig. 5.2.
Table 5.1: Master events (ME) chosen for the relocalization of the teleseismic earthquakes.
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Figure 5.2: Master event (ME) relocalization of ISC earthquakes with HYPOSAT. White
stars are HYPOSAT locations with red error ellipse, the tip of the white
line points to ISC locations. Size of star indicates number of phases. Violet
stars are the MEs used for the relocalization. For more details about the
MEs check Tab. 5.1. Red rectangles show the sections for the three ME
relocalizations. IBCAO bathymetry (Jakobsson et al., 2008) with contour
lines (1000 m spacing). Abbreviations as in Fig. 5.1
28
5.3 Methods
5.3.2 Earthquake sequence in 2009 February/March
A recent earthquake sequence with 33 events from beginning of 2009 February until end
of 2009 March peaked in an mb 6.6 earthquake on 2009 March 6th, 10:50:30 UTC. As
these events are not yet revised and localized by ISC, we extracted all available waveform
data from ISC and Incorporated Research Institutions for Seismology (IRIS) and manu-
ally picked P- and S-phase arrivals. We combined these picks with reported phases from
additional stations. After that, the same ME localization routine as described earlier was
performed. With the quality requirements described earlier we could localize the three
strongest events with magnitudes mb > 5, whereas the other events with magnitudes mb
< 5 produced location errors > 20 km and were excluded from further study.
5.3.3 Acquisition of microseismicity data
In 2008 July and 2009 August we installed small-aperture seismic arrays on ice ﬂoes with
a minimum of 1 km in diameter to record the microseismicity of Lena Trough according
to the methods described by Schlindwein et al. (2007). In 2008, a total of nine seismic
stations were set up in three arrays recording during 15 d, whereas diﬃcult ice conditions
allowed the installation of only one array with three stations during 10 d in 2009. Fig. 5.3
shows the drift path of the stations during deployment. The stations are equipped with
a GURALP broad-band sensor (CMG-3ESPC, 120 s - 50 Hz) and a REFTEK 130 data
logger sampling with a rate of 100 Hz. Due to sensor failures caused by the horizontal
acceleration of the ice ﬂoes, we got 72.3% of data recovery in 2008 and 89.0% in 2009.
We identiﬁed a total number of 45 events during 15 d in 2008 July and 149 events during
10 d in 2009 August. Fig. 5.4 displays an example of a local earthquake recorded in 2009
August.
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Figure 5.3: Localized microseismicity from Lena experiments in 2008 and 2009. Earth-
quakes recorded during 2008 July (orange stars) and 2009 August (yellow
stars) with red error ellipses. Black lines display the drift path of the ar-
rays from north to south in 2008 and 2009. Northern path: single array in
2009; southern paths: three arrays in 2008. IBCAO bathymetry (Jakobsson
et al., 2008) with new compilation of high-resolution bathymetry as overlay.
Abbreviations as in Fig. 5.1 and SLFZ, South Lena FZ.
5.3.4 Localization of microseismicity
Time and position of the drifting sensors were determined once an hour with a global
positioning system (GPS) and we interpolated in between these positions to obtain the
location of each seismometer at the time of the recorded earthquake and extracted the
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Figure 5.4: Local earthquake recorded on 2009 August 28th, 03:32 UTC (Julian day 240).
Vertical component seismograms are bandpass ﬁltered from 5 to 20 Hz for
stations Lena1-1, Lena1-2 and Lena1-3. Red line marks P onset at station
L1-3. The trigger sequence of P arrivals L1-3, L1-1 and L1-2 is clearly visible.
water depth beneath the station from the closest depth point in the International Bathy-
metric Chart of the Arctic Ocean (IBCAO; Jakobsson et al. 2008).
The seismograms were bandpass ﬁltered from 8 Hz to 25 Hz to pick the ﬁrst arrivals of the
P- and SP-phases, which represent S-wave energy converted to a P-wave at the seaﬂoor
interface. We estimated a pick uncertainty of the P-wave of 0.05 s and for the more diﬀuse
SP-wave an uncertainty of 0.2 s comparable to previous surveys (Schlindwein et al., 2007;
Schlindwein and Riedel , 2010). As the localization depends critically on the travel time
diﬀerence between the P- and the SP-wave, the SP-wave identiﬁcation becomes highly
important. Thus, we accepted a bigger pick uncertainty instead of not picking the SP-
wave at all. To localize the events, we had to correct the arrival times at the individual
recording sites for a water layer varying in thickness by about 1.9 km. We used the mean
water depth beneath the recording sites of 2.775 km for the 2008 survey and 3.795 km for
the 2009 survey as a reference horizon to correct the arrival times as follows:
tc = t0 − dw/vw + Δd/vc (5.1)
where tc is the corrected arrival time, t0 is the original arrival time, dw is the water
depth beneath the receiver, dc is the depth of the reference horizon, Δd is the diﬀerence
between dc and dw, vw is the compressional wave velocity in water (1.5 km s-1) and vc
is the crustal velocity (Fig. 5.5). This approach is assuming vertical ray incidence. To
estimate an upper limit for the error inherent in the assumption of vertical ray incidence,
we assume a critically refracted wave from a shallow earthquake travelling with vc = 4.5
km s-1 along the seaﬂoor at the maximum water depth of 3900 m. It is refracted towards
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the station at an angle of 19.5◦ resulting in a misestimation of the traveltime through
the water layer by 0.158 s which is larger than the pick uncertainty but corresponds to
an error in water layer thickness of about 236 m. Given the rough topography and the
lack of a full coverage with high-resolution bathymetry, the 1.85 km grid spacing of the
IBCAO bathymetry grid probably results in comparable water depth errors. We assume
that errors due to the water layer correction are smaller than the ﬁnal location error of on
average 3.9 km and limit our interpretation accordingly. After correcting the traveltimes
(Fig. 5.5) we performed a single event location using HYPOSAT and the local 1D-velocity
model described in section 5.3.1 but with a P-wave velocity gradient of 3.5 - 7.0 km s-1 in
the crust. The reduced velocities at the seaﬂoor were chosen as the seismic arrays mainly
drifted oﬀ-axis (Fig. 5.3) where a sedimentary layer covers the seaﬂoor (Jokat , 2000). We
tested various starting depths ranging from 2 to 15 km and ended up using a hypocentral
depth of 4 km. To assure a consistent localization we checked manually if the sequence
of modelled P-phase arrivals at the individual seismometers of one array matches the
observed sequence. The correct trigger sequence is even more critical for the single array
localization in 2009 than for the localization with three arrays in 2008. Fig. 5.4 shows the
data example where the trigger sequence is clearly visible even taking pick uncertainties
into account. If the HYPOSAT solution failed to reproduce the correct trigger sequence,
a rough estimate of the backazimuth from the observed trigger sequence was added as
additional constraint to the inversion. In total, we obtained stable localizations for 17
events in 2008 July and 97 events in 2009 August (Fig. 5.3).
A formal determination of magnitude is not possible as the amplitude loss through wa-
ter column and ice ﬂoe is not known. We checked data of the closest land stations in
Northeast Greenland (NOR) and on Svalbard (SPITS) for a common reference event to
determine relative magnitudes. However, none of the earthquakes recorded on the ice
ﬂoes was strong enough to be detected by the land stations. We therefore estimate that
our events have magnitudes well below mb 3. Unfortunately during our survey no inter-
mediate sized regional events were recorded which could bridge the gap between locally
and teleseismically observable tectonic processes.
5.4 Results
5.4.1 Relocalization of teleseismic events
The ME relocalization of the ISC events as described in section 5.3.1 provided stable
locations for 142 teleseismic earthquakes (Fig. 5.6). The events are clearly related to
the rift axis in the whole study area. For 38 events of these events, we could resolve the
hypocentral depths which vary from 14 to 37 km with errors of ±1.9 to ±7.1 km. Fig.
5.6 shows in addition the fault plane solutions obtained from the Global CMT catalogue
(e.g. Ekström et al. 2005) plotted at the sites of the relocated events. The majority of the
earthquakes located along the rift axis show normal faulting mechanisms whereas events
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Figure 5.5: Localization of microseismicity: traveltime correction due to diﬀerent water
depths beneath the stations. Abbreviations: dc, reference depth; dw, water
depth beneath station; vc(p), crustal P-velocity; vc(s), crustal S-velocity; vw,
compressional wave velocity in water. See description in text.
located in the vicinity of FZs have strike-slip mechanisms as is typical for mid-ocean
ridge seismicity (e.g. Bohnenstiehl and Dziak 2008). The earthquakes located in the
Spitsbergen FZ or the Molloy FZ show dextral strike-slip mechanism corresponding well
with the orientation of the FZs. The 66 relocated events in this region cluster along the
Molloy Ridge and in the Molloy Deep, whereas in the Molloy FZ only few events occur.
Between 78◦N and 78.5◦N, the Knipovich Ridge intersects with the Molloy FZ which
extends more than 100 km to Molloy Deep and the Molloy Ridge. At the intersection of
the Molloy FZ with the Knipovich Ridge another cluster of events can be found. More
to the north, the 38 relocated events cluster at the southern end of Lena Trough and its
intersection with the Spitsbergen FZ. In comparison to the Molloy FZ, the events directly
located in the Spitsbergen FZ are more abundant. They strike in a narrow stripe in the
central Spitsbergen FZ and along its valley ﬂanks. Two intraplate events are located about
30 km north of the Spitsbergen FZ and one event is located about 60 km east of the Lena
Trough at the eastern ﬂank of a bathymetric low which is the extension of a potential
transform fault called South Lena FZ by Engen et al. (2003). Along the southern Lena
Trough, the relocated events mainly occur on the western valley ﬂanks. North of 81.5◦N,
the earthquakes cluster in subparallel valleys including an eastern valley striking parallel
to the rift valley at 81.5◦N/3◦W. In this northernmost section, two events at 82.5◦N/8.2◦W
with almost the same epicentres occurring within few hours are located away from the rift
valley at about 30 km west of the rift axis in a relatively smooth topography, but they have
abnormal compressional source mechanisms probably not related to spreading processes.
Our relocalization conﬁrmed the preliminary ISC localization of the earthquake sequence
of 2009 March. The three events cluster at the ridge-transform intersection (RTI) of
Lena Trough and the Spitsbergen FZ at the outside-corner of the FZ (Fig. 5.6). The
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hypocentral depths for the three events range from 15.5 to 18.5 km with errors between
±2.8 and ±4.3 km. Using P-wave ﬁrst motions, we calculated best ﬁtting double-couple
focal mechanisms for the main event of 2009 March 6th and could conﬁrm the strike-slip
mechanism as published in the Global CMT catalogue (Fig. 5.6).
Figure 5.6: Epicentres of relocalized teleseismic earthquakes and their focal mechanisms
with best ﬁtting double-couple solutions from the Global CMT catalogue (e.g.
Ekström et al. 2005). White lines show the three selected ridge segments for
Fig. 5.8 with the selected events plotted in colour. Size of star indicates
magnitude mb of the events. Bathymetry as in Fig. 5.3, abbreviations as in
Figs. 5.1 and 5.3.
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5.4.2 Localization of microseismicity
We could localize 97 events for 2009 August and 17 for 2008 July (Fig. 5.3). The mean
rms for the 114 events is 0.190 s and an average of 7.8 phases per event was used for
the localization whereas events with < 5 phases were excluded. The mean length of the
semimajor axis of the 95% error ellipsoid is 3.47 km. This error only results from picking
uncertainties and does not account for the described errors due to 3D-topography of the
seaﬂoor. As in the relocalization of teleseismic events, we excluded events with a semi-
major axis > 20 km. For the array deployed in 2009 August, we could resolve source
depths for 37 events of 97 events. The depths range from 1.9 to 13.8 km with errors
of ±0.03 to ±2.91 km. For the earthquakes recorded in 2008 July, we could not resolve
any depth as the array conﬁguration covered a bigger area, but the single arrays are too
far away from each other to calculate a source depth. The distribution of the epicentres
shows a clear spatial dependence on the station position, but nevertheless events up to a
distance of 40 km from the arrays could be localized (Fig. 5.3). Several events are bound
closely to the drift path of the stations indicating very low magnitudes which only allows
detection at local scales. Such low magnitude events occur beneath the arrays in the
rift valley and along the valley ﬂanks. As the stations drifted eastwards away from Lena
Trough at 80.75◦N, the abundance of these very local events declines constantly. The
seismicity stopped sharply when the three arrays moved south of the Spitsbergen FZ in
2008. We assume that those events display the normal background seismicity in the rift
valley and along the valley ﬂanks. Beside these low magnitude events we localized more
distant events (Fig. 5.3). These events scatter in the rift valley and along its ﬂanks. The
lack of events on the western rift ﬂank, where most of the teleseismic events occur, results
from the limited detection capabilities of the arrays rather than reﬂecting asymmetric
microearthquake distribution. In 2008, a cluster of microearthquakes marks the future
source region of the 2009 March earthquake sequence at the outside-corner high of the
Spitsbergen FZ. In 2009 August, ﬁve months after the large earthquake we detected no
aftershocks which would be recordable at a distance of 40 km (Fig. 5.3).
5.5 Interpretation
In the following, we use the term ‘spreading axis’ for the place where the asthenospheric
upwelling occurs whereas the term ‘ridge axis’ names the topographic rift valley of Lena
Trough or Gakkel Ridge (Fig. 5.7). We postulate that the distinction between spreading
axis and ridge axis is crucial to understand the temporal development and the ongoing
processes in Lena Trough. We propose that the recent seaﬂoor spreading takes place
west of the ridge axis as it is visible in the bathymetry postulating that diﬀerent motions
interfere with each other (Fig. 5.7): the rift-induced motion of ultraslow spreading Lena
Trough which causes strike-slip motion along various FZs and the large-scale plate motion
with a dextral shear sense which is probably a relict of an old shear zone separating
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Greenland and Svalbard (Engen et al., 2008). Engen et al. (2003) postulated the presence
of two dextral shear zones in Lena Trough, the North Lena FZ and the South Lena FZ
which oﬀ-set the spreading axis of Lena Trough (Fig. 5.7).
Figure 5.7: Compilation of plate motions in Fram Strait region. Ridge axis marked with
two yellow lines, fracture zones with strike-slip motions with orange lines.
Possible fracture zones (NLFZ, North Lena FZ; SLFZ, South Lena FZ) or
possible extension of known FZs marked with dotted lines. Diﬀerent motions
marked with arrows: rift-induced motion along the ridge axis and on the
FZs (yellow), long-term plate motion of Svalbard (Eurasian plate) relative
to Greenland (North American plate; red). Magnetic anomaly (Fig. 5.11)
in black dotted line with its symmetry axis as dotted red line. Relocalized
earthquakes as white stars, earthquakes with mb > 5.5 in red, size of star





The relocalized earthquakes cover a time span of 46 years from 1963 to 2009 which we
assume to be long enough to representatively show the seismic activity of the Fram Strait
region. Along the southern Lena Trough south of 81.5◦N, the events extend clearly west
of the rift valley ﬂanks and are thus shifted relative to the bathymetric low which would
mark the position of the recent spreading axis (Fig. 5.7). Further north, the seismicity
clusters in the rift valley and along the rift valley walls as is typical for mid-ocean ridges
(e.g. Smith et al. 2003). To further substantiate the observed asymmetrical distribution
of the earthquakes relative to the ridge axis, we selected the ridge related earthquakes in
three segments excluding the FZs (Fig. 5.6). Earthquakes in temporal dependence to a
main event (doublets or small swarms occurring predominantly in the northern segment)
were removed. Additionally we removed events located oﬀ-axis or showing compressional
source mechanisms, such as the two temporally and spatially clustered oﬀ-axis events at
82.5◦N/8.2◦W (Fig. 5.6).
Fig. 5.8 illustrates the occurrence of earthquakes in space (relative to the ridge axis) and
time in the three segments. Clearly, the earthquakes between the South Lena FZ and the
Spitsbergen FZ occur on average 0.7◦ longitude or 12.8 km west of the axis with most
events 1◦ longitude or 18.3 km west of the axis. Assuming that the underlying spreading
process is purely symmetrical, the probability of obtaining by chance an asymmetric
distribution with 11 or more out of 15 earthquakes clearly located on one side of the
axis is about 5.9% using a simple binomial model. One possible explanation for an
asymmetric earthquake distribution could be active detachment faulting related to core
complex formation (Smith et al., 2006). However, no typical core complex structures (e.g.
Tucholke et al. 1998) are evident in the detailed bathymetry (Fig. 5.7). We therefore
favour the hypothesis that active spreading-related extension is taking place further west
than the bathymetric low. Along the Spitsbergen FZ and the Molloy FZ (Figs. 5.6 and
5.7), the distribution of the events and the focal mechanisms display the active strike-
slip motion. Commonly, seismic energy is predominantly assembled in the inside-corners
between a mid-ocean ridge and a strike-slip fault (e.g. Smith et al. 2003; Dziak et al. 2009).
Previous studies noted that some large earthquakes with epicentres near RTIs actually
occur on intraplate FZs, rather than on the active transform fault which is connecting
two ridge segments (Boettcher and Jordan, 2004; Bohnenstiehl et al., 2004). The event
of 2009 March and the events associated to it are clearly located at the outside-corner
of the intersection between the bathymetric rift axis and the Spitsbergen FZ and west
of it and might therefore represent an intraplate extension of the Spitsbergen FZ. These
events and several others occurring at this site show strike-slip mechanisms (Fig. 5.6).
In contrast, at the eastern end of the Spitsbergen FZ, strike-slip earthquakes terminate
at the RTI with the Molloy Ridge, and events east of the RTI have normal fault source
mechanisms, such that strike-slip motion here is conﬁned to the active transform (Fig.
5.6). However, if we assume that the active spreading-related extension in southern Lena
Trough is taking place west of the bathymetric low and is delineated by the seismicity
west of the rift axis, the events of March 2009 and several others clustering nearby are
exactly located in the southern prolongation of the assumed active spreading axis (Fig.
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5.7). Thus, we conclude that they occur at the RTI with the currently active spreading
axis and result from diﬀerential motion along the transform fault rather than from shear
motion on an intraplate prolongation of the Spitsbergen FZ. In Fig. 5.7 the largest
earthquakes between 1963 and 2009 are highlighted (magnitude mb > 5.5). Four of these
events are part of the earthquake cluster located at the outside-corner high south of the
RTI striking parallel to the Spitsbergen FZ, whereas the remaining high magnitude events
occur centrally along the Spitsbergen FZ and the Molloy FZ. The observation that such
energetic strike-slip events are assembled at the outside-corner of the Spitsbergen FZ at
the RTI with the active spreading axis west of Lena Trough might indicate that ongoing
dextral shear motion along the transform fault is larger than required by the spreading
process in the adjacent segments as it might be enhanced by the long-term plate motion
of Svalbard relative to Greenland.
5.5.2 Moment release
To verify this hypothesis of a superposition of shear motions, we calculated the moment
release for earthquakes occurring along the Spitsbergen FZ obtained from the ISC cata-
logue comparing it with similarly calculated moment releases on the Atlantis II FZ at
the ultraslow spreading Southwest Indian Ridge (Fig. 5.9). For global comparison, we
extracted all earthquakes with strike-slip focal mechanisms from the ISC catalogue for
several mid-ocean ridges and used an average spreading rate across the entire ridge. We
summed up the seismic moments and normalized the values per year and transform kilo-
metres. Thus, we obtain a compilation of mean annual moment releases per transform
km on FZs of entire mid-ocean ridges with diﬀerent spreading rates (Fig. 5.9). Ad-
ditionally, we estimated the maximum theoretical seismic moment release per year and
transform kilometres as the product of shear modulus, brittle thickness of the lithosphere
and spreading rate using the spreading rate dependent thickness of the lithosphere of
Solomon et al. (1988) and a shear modulus of 3.0 x 1010 Nm-2. Fig. 5.9 shows the maxi-
mum possible annual moment release from 5 to 160 mm y-1 (full rate). The observed
average moment release of all FZs on a ridge shows the same increasing moment release
with increasing spreading rate, but as observed in other studies (e.g. Bohnenstiehl 2005)
only about 10% of the potential energy built up on a transform fault is released in seismic
energy. Compared to the average moment release, the Spitsbergen FZ displays a higher
annual moment release plotting above the general trend (Fig. 5.9). However, the values
for the annual moment releases are scattering strongly at small spreading rates indicating
variable seismic coupling. Several authors have observed that creeping motion along the
transforms may trigger seismicity (e.g. Bohnenstiehl 2005). Therefore, the increased an-
nual moment release per transform kilometre at the Spitsbergen FZ might simply result
from slightly greater seismic coupling allowing no further conclusion about a superposition
of shear motions along this FZ.
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Figure 5.8: Distribution of the teleseismic events relative to the ridge axis (0 on x-axis).
Abbreviations: NLT, Northern Lena Trough; SLT, Southern Lena Trough;
MR, Molloy Ridge (for locations see Fig. 5.6). Negative numbers on the x-
axis indicate a location in degrees longitude west of the ridge axis and positive
numbers indicate an oﬀset to east. Events are plotted against time (y-axis) in
days ranging from 1968 to 2009. Grey histograms show the number of events
in bins of 0.4◦ longitude across the ridge. The coloured lines plot the mean
longitude of the earthquakes in the segment of earthquakes.
5.5.3 Bathymetry
5.5.3.1 Fracture zones
The new high-resolution bathymetry data acquired by Heidland et al. (1998) and Gauger
et al. (2007) and compiled in this study show no major displacement of the rift valley
in the area of the proposed North Lena FZ and no strike-slip events were recorded in
the striking of the potential FZ (Figs. 5.6 and 5.7). Thus, we propose a potential fault,
but no active FZ with diﬀerential slip motions at the site of the North Lena FZ. For the
earthquakes at the site of the South Lena FZ, there are no focal mechanisms available
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Figure 5.9: Mean annual moment releases per km transform fault of various FZs plotted
against full spreading rate. Abbreviations: A2FZ, Atlantis II FZ on Southwest
Indian Ridge; CIR, Central Indian Ridge; EPR, East Paciﬁc Rise; NMAR,
Northern Mid-Atlantic Ridge; SMAR, Southern Mid-Atlantic Ridge; PAR,
Paciﬁc–Antarctic Ridge; SEIR, Southeast Indian Ridge; SFZ, Spitsbergen FZ;
SWIR, Southwest Indian Ridge. Discussed FZs highlighted in red. Theoretical
maximum annual moment build-up per km transform fault due to shear motion
(black dots).
(Fig. 5.6), but the bathymetry shows a pronounced elongated hill striking parallel to the
trend of the Spitsbergen FZ (Figs. 5.7 and 5.10). Further oﬀ-axis to the east, there is a
line of well developed escarpments which lies in the prolongation of the South Lena FZ
(∼ 81◦N/0.5◦W; Fig. 5.10) with erosional escarpments indicating recent tectonic activity
(Thornburg et al., 1990; Allen, 1997). One earthquake occurs in the prolongation of these
escarpments having a compressional focal mechanism. The earthquakes in this region
cluster in the hills along the South Lena FZ in a very similar setting to the events in
the southern outside-corner high of the Spitsbergen FZ (Fig. 5.10). Microearthquakes
further delineate the South Lena FZ. The larger events are detected about 20 km away
from the array and cluster in between the rift valley and the escarpment tracing the South
Lena FZ (Fig. 5.10). These earthquakes clearly do not follow the drift of the arrays, but
morphological and tectonic structures. Numerous microearthquakes strike along the rift-
parallel hills on the eastern rift valley ﬂanks where also some teleseismic events occur.
Several local events cluster at the outside-corner high of the Spitsbergen FZ occurring in
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2008 at the region of the March 2009 earthquake sequence showing a lineation striking
nearly parallel to the Spitsbergen FZ. At the inside-corner high of the Spitsbergen FZ
several microearthquakes are located but only one teleseismic event occurs there. Thus,
we believe that the South Lena FZ is an active tectonic structure with transform-related
shear motion, whereas active slip motion at the North Lena FZ is not evident.
Figure 5.10: High-resolution multibeam bathymetry with relocalized epicentres (stars,
scaled by magnitude mb), microearthquakes (circles) of 2008 (orange) and
2009 (yellow) and morphological elements. Orange lines, valleys; dark red
lines, escarpments; yellow lines, elongated hills; dotted lines, hypothetic.
Special morphologic features highlighted with white arrows. Abbreviations
as in Figs. 5.1 and 5.3.
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5.5.3.2 Segment morphology
We propose a division of Lena Trough in two segments, separated by the South Lena
FZ. The northern segment shows two subparallel valleys which are probably both active
as earthquakes occurring in both valleys suggest. The eastern valley can be traced up
to about 82.1◦N and becomes diﬀuse further north (Fig. 5.7). At about 83◦N/4◦W, the
lineaments parallel to Gakkel Ridge intersect with the rift valley and form a steep ﬂank on
the eastern side of the rift valley. The earthquake activity in this segment is clearly related
to the topographic rift axis and its ﬂanks. The southern segment, south of the South Lena
FZ, has only one rift valley and shows an asymmetry in seismicity and morphology (Figs.
5.7 and 5.10). There is a well-developed eastern ﬂank close to the ridge axis with steep
hillsides and tilted blocks. The stripes of microseismicity follow the trend of these blocks
which strike subparallel to the ridge axis (Fig. 5.10). On the western side of the ridge
valley, the rift ﬂanks are less developed and interrupted by wide plains which border at
hillsides with escarpments. There is a well-developed canyon cutting through one of these
elongated hills west of the rift valley (Fig. 5.10). The teleseismically recorded seismicity
scatters all over these wide plains oﬀ-axis out to the escarpments up to 20 km west of
the ridge (Fig. 5.10). We suggest that these escarpments might show the westernmost
boundary of the active deformation zone of the southern Lena Trough. In contrast, on
the eastern valley ﬂank, this zone is much narrower with seismic activity occurring close
to the rift valley and on the tilted blocks as illustrated by numerous microearthquakes.
Unfortunately, further conclusions on the asymmetry of the microseismicity are impossible
as potentially occurring microearthquakes on the western ﬂank were too small to be
recorded. Hence, in contrast to the northern segment, the southern Lena Trough segment
shows active tectonic deformation which extends far beyond the bathymetric rift axis to
the west but seems to be limited to the rift ﬂanks on the east.
5.5.4 Magnetic anomalies
The onset of active seaﬂoor spreading at Gakkel Ridge probably started during chron
24 (53 Ma; Vogt et al. 1979) and propagated southwards. Active seaﬂoor spreading at
the Knipovich Ridge started at chron 13 (33 Ma; Eldholm et al. 1990) and propagated
northwards, whereas the onset of spreading at Molloy Ridge took place in the Early
Miocene (21 Ma; Ehlers and Jokat 2009). Engen et al. (2008) present a plate tectonic
reconstruction of Fram Strait at chron 13 (33 Ma) showing the active seaﬂoor spreading
at Gakkel Ridge and Knipovich Ridge. Between these two ridges an extended shear zone,
called the De Geer Megashear region, was connecting Gakkel Ridge with Knipovich Ridge.
At chron 13, the relative plate motion changed from dextral shear to oblique divergence
(Brozena et al., 2003; Engen et al., 2008) and the condition for seaﬂoor spreading in Lena
Trough was given. The magnetic anomaly chron 5 (9.8 Ma) can be identiﬁed on both sides
on several aeromagnetic proﬁles along Lena Trough, whereas anomaly chron 6 (19.6 Ma)
appears to be present only in the northernmost Lena Trough (Engen et al., 2008). This is
42
5.5 Interpretation
an indication that spreading started in the northern parts of Lena Trough and propagated
southwards between stages chron 6 and chron 5 (Early to Mid-Miocene) which makes
Lena Trough the youngest segment in the Arctic Ocean rift system with active seaﬂoor
spreading. Engen et al. (2008) noted that the spreading axis close to the Spitsbergen FZ
is shifted west, whereas anomaly chron 5 is less shifted proposing that this might indicate
ridge migration at the intersection of Lena Trough with the Spitsbergen FZ. Fig. 5.11
shows a compilation of new aeromagnetic data collected from 1998 to 2004 in the Fram
Strait region (Leinweber , 2006). North of 83◦N, where Lena Trough merges into Gakkel
Ridge, the spreading axis is clearly marked by a positive magnetic anomaly. To the south,
the central positive magnetic anomaly becomes diﬀuse and disappears entirely south of
the South Lena FZ. Two parallel positive anomalies, probably anomaly chron 5, can be
traced along the entire length of Lena Trough stopping shortly before the Spitsbergen FZ.
In Fig. 5.11 we outlined the symmetry axis of the assumed chron 5 anomaly. North of
the South Lena FZ, this symmetry axis and the central positive anomaly coincide with
the seismicity. South of the South Lena FZ, the symmetry axis is located clearly east
of the seismicity and also east of the bathymetric ridge axis increasing its distance to
the bathymetric ridge axis closer to the Spitsbergen FZ (Fig. 5.11). We propose the
following two scenarios to explain the abnormal magnetic, morphological structure and
seismic activity of the southern Lena Trough segment. We assume that the position of
the current plate boundary is marked by the seismicity and therefore located west of the
bathymetric ridge axis and the magnetic symmetry axis.
1. The diﬀerent positions of the magnetic, bathymetric and seismic rift axis could
result from jumps of the spreading axis between South Lena FZ and Spitsbergen
FZ. Such jumps are a commonly observed feature on mid-oceanic ridges (e.g. Freed
et al. 1995; Smith et al. 2002).
2. If the crustal production rate in this youngest part of the Arctic ridge system has not
yet reached the long-term plate separation rate between Greenland and Svalbard
(former De Geer Megashear region) along the Spitsbergen FZ, the oceanic crust
would be under signiﬁcant extensional stress. In case the site of plate separation has
been stable in the region of the current seismicity west of the southern Lena Trough,
a potential consequence would be that ridge axes become extinct and are carried
towards the east with the Eurasian plate while the newly formed crust on the North
American side is extended to form a new ridge axis at the site of asthenospheric
upwelling.
Discrimination between these two potential models is diﬃcult on the basis of the existing
data. In both cases, a shift of the plate boundary to a position west of the bathymetric
rift axis requires an extension of the Spitsbergen FZ to the west such that the large
earthquakes in 2009 March occur not on the intraplate prolongation of the Spitsbergen
FZ but on the transform between the active spreading axis. North of the South Lena
FZ, two rift valleys are developed and both seem to be active with the western valley
coinciding with the magnetic symmetry axis. This morphology could reﬂect a classic
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Figure 5.11: Magnetic anomalies in Fram Strait. Compilation of aeromagnetic data from
1998 to 2004 with line drawings to identify the anomalies on both sides
of the rift. Black stars show the relocated earthquake epicentres scaled by
magnitude mb. The dotted red line marks the symmetry axis of the anomaly
pair marked with a black dotted line. Note the eastward shift relative to the
cluster of seismicity in southern Lena Trough. Abbreviations as in Figs. 5.1
and 5.3.
ridge jump situation as well as a setting of overlapping spreading centres which can
develop and coexist during longer timescales (Macdonald and Fox , 1983; Sempere et al.,
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1984). South of the South Lena FZ in contrast, no such parallel rift valley is developed
but extension formed wide plains west of the ridge axis. The magnetic rift axis bends
increasingly to east away from the bathymetric rift axis close to the Spitsbergen FZ.
The magnetic anomalies are disrupted in a 15 km wide stripe north of the Spitsbergen
FZ whereas they restart immediately south of it (Fig. 5.11). This could point to an
enhanced inﬂuence of this long-lived prominent dextral shear structure along which the
newly created crust is displaced to the east. As an implication, the bathymetric rift valley
would have to be younger than the chron 5 magnetic anomaly. We therefore tentatively
favour the second model with an asymmetric accretion situation interacting in a complex
manner with dextral shear motion along the former De Geer Megashear structure which
developed into the modern Spitsbergen FZ.
5.6 Conclusions
The relocalization of earthquakes conﬁrmed that the seismicity of Lena Trough shows an
asymmetric distribution along the ridge axis. Microseismic events are probably present in
the entire rift valley whereas the teleseismically recorded earthquakes occur predominantly
on the western side of the main valley. We divide the Lena Trough into a northern and a
southern segment separated through the South Lena FZ. The northern segment shows two
subparallel rift valleys with seismic activity on both sides which might be an indication
for recent transfers of the spreading axis and ongoing ridge jump processes. The southern
segment reveals a complicated asymmetric structure with decaying magnetic anomalies
having a symmetry east of the ridge structure and seismicity occurring predominantly
in the west. We believe that the seismicity marks the current site of crustal extension
west of the bathymetric rift axis. Additionally, the morphology shows asymmetric cha-
racteristics assuming tilted blocks on the eastern valley ﬂank and with wide plains on the
western side. These features probably result from an interaction with the longterm active
Spitsbergen FZ, formerly De Geer Megashear. The southern Lena Trough is a nascent
rift in a developing stage and a temporal disbalance between crustal production and plate
separation might lead to this complicated pattern.
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6.1 Introduction
In the last three decades our knowledge about the seismic structure and the seismicity of
the world’s oceans has increased tremendously by the common availability of ocean bottom
seismometers for active and passive seismic studies (e.g. Orcutt et al. 1976; Toomey et al.
1985; Tolstoy et al. 2008). The safe recovery of the instruments is essential to access the
acquired data. Comparable studies of the polar oceans do not exist, as the perennial sea
ice cover in polar regions prevents a safe recovery of ocean bottom instruments.
Hence, the seismic structure and the earthquake activity of large parts of the Arctic Ocean
including the Gakkel Ridge, one of the most prominent members of ultraslow spreading
mid-ocean ridges (< 20 mm y-1 full rate; Dick et al. 2003), are largely unknown. Mounting
conventional land seismometers on drifting sea ice is the only way to acquire seismic data in
the Arctic Ocean. The diﬃcult access to the survey area requiring icebreaking vessels and
helicopters, cold temperatures and a constantly moving seismometer platform represent
highly unsuitable survey conditions.
However, Kristoﬀersen et al. (1982) made ﬁrst attempts at recording regional earthquakes
in the Arctic by attaching a sonobuoy array to an ice ﬂoe. Jokat (2003) demonstrated
that the acquisition of refraction seismic data is possible with seismic stations mounted
on drifting ice ﬂoes. Okal and MacAyeal (2006) report on a deployment of seismometers
on icebergs in Antarctica recording a variety of ice-induced (cryogenic) signals (MacAyeal
et al., 2009).
We deployed seismic arrays on drifting sea ice during four expeditions in 2001, 2007,
2008 and 2009 recording local and regional earthquakes along Gakkel Ridge. In addition,
the records contained many sorts of cryogenic signals (’icequakes’) stemming possibly
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from collisions between ice ﬂoes, crack formation or disintegration of ice ﬂoes eventually
triggered by local swell, tidal movements or wind inﬂuencing the ice motion. We observed
diﬀerent kind of icequakes varying in duration and frequencies. While a detailed analysis
of these signals bears potential prospects for monitoring sea ice dynamics, we focussed
in our studies (Schlindwein et al., 2007; Läderach et al., 2011) on earthquake activity in
order to learn more about the seismicity and tectonic processes at ultraslow spreading
mid-ocean ridges. The purpose of this paper is to report on our extensive experience
of modern ice ﬂoe-sited seismometers as local and regional seismic observatories and to
present data examples of seismic arrays on drifting ice ﬂoes.
6.2 Survey background
During four deployments in the last years, we collected 72 days (26 days AMORE 2001;
21 days AGAVE 2007; 15 days LENA 2008; 10 days LENA 2009) of continuous seismic
data from Gakkel Ridge and Lena Trough (Fig. 6.1a) which we analysed to localize the
recorded earthquakes.
In 2001, a pilot experiment (Arctic Mid-Ocean Ridge Expedition; AMORE 2001) with a
single seismic array on ice ﬂoes at three diﬀerent sites was performed from RV Polarstern
as an initial test if it is possible to detect local earthquakes along Gakkel Ridge and if there
is still any indication for increased seismicity especially in the region around 85◦N/85◦E
(Thiede, 2002) where an unusually strong swarm of earthquakes was detected by global
seismological stations in 1999 (Müller and Jokat , 2000). The deployment yielded new
results about the seismic activity of Gakkel Ridge (Schlindwein et al., 2007). At the 85◦E
volcanic complex, the seismometers showed an astonishing in-situ record of sounds of an
ongoing submarine volcanic eruption (Schlindwein et al., 2005; Schlindwein and Riedel ,
2010). Furthermore, this experiment proved that low magnitude local seismicity can be
recorded with sensors deployed on drifting ice ﬂoes.
In 2007, another seismological experiment was performed during the Arctic Gakkel Vents
Expedition (AGAVE 2007) which searched for hydrothermal vents from the Swedish ice-
breaker Oden (Fig. 6.1a). The survey focussed on intensive study of the 85◦E volcanic
complex (Schlindwein and Linder , 2007; Sohn et al., 2008).
The following seismometer deployments in Lena Trough (LENA 2008 and LENA 2009)
operating from German icebreaker RV Polarstern aimed at acquiring more microseismicity
data from an amagmatic section of an ultraslow spreading ridge (Läderach et al., 2011).
We used now seismic stations optimized for the installation on ice ﬂoes in a highly mobile
ice region close to the ice edge (Fig. 6.1).
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Figure 6.1: a) Overview of the Arctic Ocean with the locations of the seismic arrays
with orientation map (inset at lower right corner) of the study area. Circles:
AMORE 2001 deployment; diamonds: AGAVE 2007; rectangle: LENA 2008;
star: LENA 2009. White numbers show the respective number of stations
and arrays in brackets. Abbreviations in orientation map: G = Greenland,
I = Iceland, NP = North Pole, S = Svalbard, Sc = Scandinavia. IBCAO 2
bathymetry (Jakobsson et al., 2008) with contour lines (1000 m spacing). b)
Map showing the drift path of the three LENA 2008 arrays from north to south
during 15 days of deployment (with 200 m spacing contour lines). Location of
map marked by the white rectangle in Fig. 6.1a).
6.3 Methods
6.3.1 Array design
The localization capability for local earthquakes depends critically on the spatial conﬁgu-
ration of the recording network. Deploying a network of stations with each station on an
individual ice ﬂoe bears the risk that the ﬂoes are drifting too far apart, such that the
detection capability of the network deteriorates. Instead, we combined 3 - 4 single stations
in a triangle formation on a single ice ﬂoe. Such an array of stations will maintain a stable
conﬁguration and detection capability during the drift of the ice ﬂoe. The arrays allow
determining the backazimuth of incoming waves and thus enable single array localizations
of earthquake epicentres (Fig. 6.2).
To ensure signal coherency of local earthquakes with signal frequencies up to 40 Hz and at
the same time obtain a good resolution of backazimuth and apparent velocity of incoming
waves by a signiﬁcant array aperture, we experimented with array diameters between 1
km and 2 km depending on the size of available ice ﬂoes.
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The arrays are deployed and recovered by helicopters operating from icebreaking vessels
choosing suitable two-year or multi-year ice ﬂoes with a diameter of > 1 km during the
ﬂight. Fissures or developing crevasses should not be present close to the stations (Fig.
6.3). The ice ﬂoes have a sponge-like water-saturated structure and a thickness of ∼ 2 m
allowing solely the installation of sensors on the surface. As during the Arctic summer
melting snow is causing many melt water ponds on the ice ﬂoes, the array elements are
built up on dry places close to ice ridges avoiding depressions with accumulating melt
water.
Figure 6.2: Array conﬁguration with four stations on a drifting ice ﬂoe with wave paths
of Pg- and SgP-waves and a multiple wave reﬂected on the water surface and
the seaﬂoor.
6.3.2 Logistic constraints
The ice drift carries the ice ﬂoes at speeds of up to 1 km/h through the survey area
such that distances of 10 - 20 km may be covered during a single day. Changing wind
directions, tidal forces and ocean currents determine the direction and velocity of the ice
drift. Knowledge of the predominant direction of ice drift is vital for the survey strategy.
In Fram Strait region, the general ice drift direction is oriented parallel to the spreading
axis of Lena Trough (Fig. 6.1). Thus, the arrays LENA 2008 and LENA 2009 could be
left drifting for up to 15 days covering a distance of ∼ 90 km along the ridge. If the
general ice drift is perpendicular to the rift axis or highly variable like during the AGAVE
2007 deployment (Fig. 6.1a), the arrays needed to be re-deployed every 2 - 4 days to keep
them localized over a survey area of about 40 km in diameter. In this case, the presence
of an icebreaker in the survey area is necessary to facilitate frequent helicopter access to
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the stations; while in the former case, the icebreaker may leave the survey area entirely.
Due to the diﬃcult weather conditions of Arctic summers with rapidly developing subli-
mation fog and limited visibility, careful planning of the deployment and recovery ﬂights
is crucial. The number of stations deployed and the deployment site are a compromise
of various factors, such as freight capacity of the helicopter, ﬂight distance to reach the
survey area and security requirements like a maximum operation distance from the ship.
The network extent and geometries that can be realized hence diﬀer greatly from optimal
survey setups that can be installed on land.
Figure 6.3: Setup of an array element on a drifting ice ﬂoe during LENA 2009 deployment.
a) Station site. b) Overview over the ice ﬂoe with melt water ponds, ice ridges
and crevasses. c) Station setup with the sensor covered with bucket and snow,
the ZARGES box containing data logger and batteries with a solar panel and
antennas mounted on it.
6.3.3 Equipment
Each station consists of a data logger with a GPS, a seismometer, several batteries and
an ARGOS transmitter to track the arrays’ drift paths which shows the helical pattern
caused by tidal forces (Figs. 6.1b and 6.3). For the pilot experiment AMORE 2001 and
the following AGAVE 2007 experiment, passive MARK-L4D3C short-period sensors were
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borrowed from the Geophysical Instrument Pool Potsdam (GIPP). In 2001, they were
used together with REFTEK 72 data loggers and radio beacons to locate the stations
for retrieval. For AGAVE 2007, the equipment was optimized using the newer REFTEK
130 data logger sampling with 100 Hz. Additional data loggers were borrowed from the
PASSCAL facility of the Incorporated Research Institutions for Seismology (IRIS) which
were combined with an ARGOS transmitter to track the position of the drifting arrays.
For the experiments in 2008 and 2009, we used our own, newly acquired stations which
are optimized for longer deployments in cold weather conditions. We acquired active
broad-band sensors (GÜRALP CMG-3ESPC) which cover a broader application ﬁeld as
the broad-band sensors register a wide range of frequencies. The equipment is well-suited
for helicopter transportation, such that 3 - 4 stations can be carried per ﬂight. It is
stored in a thermally insulated ZARGES box (80 cm x 60 cm x 40 cm) painted in red
for better visibility. Completed with two batteries per station, it weighs ∼ 70 kg. The
box is designed to store and transport seismometer, break-out box, ARGOS transmitter,
data logger, cables, solar panel, charge controller and phenolic resin coated plywood plate
used as base for the sensor. In the ﬁeld, the seismometer space in the box is used by 2 - 3
80 Ah batteries (absorbed glass mat batteries). We used separate power for the ARGOS
transmitters to ensure functioning for extended time periods in case of recovery problems.
Where possible, we provided individual batteries for data logger and seismometer. With
this power supply, the stations should be operational for ∼ 20 days at temperatures of
0◦C. To extend the endurance, we experimented with a solar panel recharging system
ﬁtting a solar panel (SUNWARE, SW-3064, 12 V, 36 Wp) on the lid of the box and using
a modiﬁed charge controller which minimizes voltage ﬂuctuations potentially aﬀecting the
seismometer signal.
We have ten units operational, six of them with an ARGOS transmitter. The units are
proved to work at temperatures around 0◦C and currently similar units are tested in
Antarctica at temperature conditions much below 0◦C.
The ARGOS transmitter is connected with the data logger and sends its state-of-health
at the time of a satellite passing. Thus, we obtain coordinates and state-of-health reports
of the array elements up to once an hour. The ARGOS transmitter is low in power
consumption, small in volume and light in weight working reliably in cold temperature
conditions that we prefer to use them instead of a radio beacon.
For further processing, it is crucial that the station positions are known at the arrival
time of an earthquake at the array. Thus, ideally, the GPS coordinates of the stations
should be logged continuously. But as the power consumption of the data logger almost
doubles during GPS positioning, the limited power supply requires operating the GPS
in a cycled mode logging its position once per hour. Station positions for all seismic
stations at the time of an arriving earthquake wave are then calculated from interpolation
of these data. The REFTEK 72 data logger used during the AMORE 2001 experiment
is running the cycled GPS at hourly intervals after the start of acquisition. Thus, the
GPS receivers of the four array elements do not lock the position at the same time. This
resulted in uncertainties in the array geometry. The newer data logger REFTEK 130 used
in the deployments of 2007, 2008 and 2009 updates the GPS position on the full hour




The central sensor with an ARGOS transmitter is installed ﬁrst whereas the three tri-
angular stations do not need a transmitter unconditionally. Loose snow on the ice ﬂoe
is removed to place the sensor in the center of a phenolic resin coated plate of plywood
with the rough, white painted side up (Fig. 6.3c). This avoids sliding of the sensor when
the plate melts into the ice by a few centimeters. Upon recovery, the tilt of the plate is
usually ∼ 0.5◦. Being horizonted properly, the sensor is covered with a semitransparent
plastic bucket which is covered with a 1 m high snow heap to shield the sensor against
temperature changes and wind. Upon recovery after up to 15 days, the top of the bucket
is normally uncovered as during Arctic summer the solar radiation is strongly heating up
dark surfaces resulting in melting of surrounding snow. Therefore, it is important to use
only white or transparent buckets and to paint the upper rough side of the plywood plate
with white colour (Fig. 6.3c).
Due to short weather windows with the constant danger of sublimation fog impeding ﬂight
activities, the time for station installation is very limited. Requiring two people and a
helping hand from the helicopter pilot, the station installation takes about 30 min with
the data loggers being programmed before the deployment ﬂight. The limited time does
not allow waiting for the sensor to equalize. Therefore, we only check the sensor response
and locking of the GPS position before leaving the station.
6.3.5 Station recovery
The station coordinates obtained by the ARGOS transmitters are sent as automatic email
messages on board. Thus, we can track the drift path of the arrays (Fig. 6.1b) and collect
the stations in case of accelerating drift velocities before the ice ﬂoes leave the survey area
or reach the sea ice border and start to disintegrate. During recovery, we start to look for
the stations at the point of the latest ARGOS coordinates and follow the expected drift
path. Due to ARGOS processing times and irregular internet access in the high Arctic,
the latest positions are normally older than 2 hours. This means that the stations may
have drifted several kilometers meanwhile. A reliable ice drift forecast, suﬃcient visibility,
conscientious marking of the ice ﬂoes and additional helicopter endurance for search ﬂights
are crucial for a save and fast recovery of the stations. The ice ﬂoe appearance is highly
variable in summer with melt ponds forming and draining and ﬂoes uniting and separating.
Thus, we tried to improve the visibility of the stations marking them with ﬂags, using red
boxes and did even concern to use colour on snow or plastic blankets. But after all, such
means do not work with snow fall. In clear weather conditions with low solar altitude,
the snow heap and foot steps are clearly visible, whereas in cloudy weather low contrasts
make it a challenge to spot the red box or the ﬂag from the helicopter.
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6.4 Data examples
6.4.1 Failures
Due to their sensitivity to longer wave lengths, the broad-band sensors used in 2008 and
2009 produced failures which mainly aﬀected the horizontal components, whereas the
vertical components failed less often. The failures appear as a drift of the sensor’s mass
until it is blocked (Fig. 6.4a). In 2009, we programmed the auto-centering function of the
REFTEK data logger to center the sensor’s mass once per day minimizing the failures
drastically such as the vertical components never failed and the horizontal only few hours
per day upon the next re-centering during the LENA 2009 deployment (Fig. 6.4b).
Figure 6.4: Seismograms showing failure, levelling and spontaneous recovery of horizontal
components of broad-band sensor. a) Failure of horizontal components (BHE)
of station L1-2 on August, 22nd 2009, 07:57 (plots labelled with respective
Julian days and UTC time) and of station L1-3. Note the drift of the signal
base line towards the maximum sensor amplitude. b) Automatic re-centering
of the sensor’s mass on horizontal component (BHE) of station L1-2 repositions
the signal base line (top) and spontaneous recovery of horizontal component
(BHN) of station L1-1 (bottom). All data unﬁltered.
Temperature inﬂuences, ice ﬂoe collisions or tilt of the sensor cannot explain the drift
of the sensors. The observed tilt upon station retrieval is well within the tolerance of
the seismometer and a spontaneous signal recovery (Fig. 6.4b) would not be possible.
There are no seismic signals like ice ﬂoe collisions or increased noise levels visible prior to
failure. We therefore assume that the failures are caused by the constant motion of the
ice ﬂoes which produces changing horizontal forces which cannot be compensated by the
broad-band sensor. This forcing has periods of more than 120 s as it is not visible in the
58
6.4 Data examples
pass-band of the broad-band sensor. The short-period instruments were either insensitive
to these accelerations or ice mobility at their deployment sites in the high Arctic is less
than in Fram Strait (Fig. 6.1a).
6.4.2 Background noise and icequakes
A seismometer installed on a drifting ice ﬂoe produces a higher background noise level
compared to land stations (Fig. 6.5). This is particularly evident at frequencies < 0.5
Hz where the ice ﬂoe drift is causing noise typical for ice ﬂoe-sited stations. At higher
frequencies (> 1 Hz), the quality of our stations is not signiﬁcantly inferior to a land-based
station (Fig. 6.5). At these frequencies we observe many cryogenic signals interfering with
the signals of tectonic earthquakes which show similar frequencies (Fig. 6.6a). However,
icequakes only appear on one array, whereas earthquakes are recorded on several arrays.
Icequakes normally travel horizontally across ice ﬂoes and have much higher amplitudes
on the horizontal components than on the vertical channels (Fig. 6.6b). The occurrence
of icequakes is probably inﬂuenced by wind conditions, ocean currents and tidal forces,
yet it is diﬃcult to estimate the impact of each of these parameters. We observe diﬀerent
types of icequakes with variations in signal duration and frequencies allowing possibly a
further discrimination between them. There are transient impulsive icequakes with high
amplitudes (Figs. 6.6a and 6.6b), as well as signals lasting ∼ 30 s with dispersive frequen-
cies (Figs. 6.6c and 6.6d). This signal displays decreasing frequencies with time resulting
in a spectrogram pattern which is very similar to the characteristics of ﬂexural-gravity
waves as observed by MacAyeal et al. (2009).
Figure 6.5: Comparison of background noise level as a function of frequency at stations L1-
3 (dark grey) and L3-1 (light grey) and the land station KBS (black) located
on Svalbard (see Fig. 6.1a). For each station, we plot the spectral amplitude
of vertical ground motion (BHZ) analysed over an 8-minutes window. Note
the higher noise level of L1-3 and L3-1 below 0.5 Hz.
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Figure 6.6: Ice motion induced signals recorded with broad-band sensors. a) Icequake
overlying a regional earthquake on vertical (BHZ) and horizontal (BHE) com-
ponent of station L1-3. Note the large vertical component amplitude of the
earthquake. b) Icequake on vertical (BHZ) and two horizontal components
(BHN, BHE) of station L1-1. Note the large horizontal component amplitude
of the icequake. Data of 6.6a and 6.6b) ﬁltered from 8 - 25 Hz. c) Example
for a high-frequency ship-induced signal (c.f. 6.8a) followed by a dispersive ice
event recorded with short-period sensor of station 8511 during AGAVE 2007.
d) Spectrogram of the dispersive signal. White arrow marks the long-lasting
2 - 5 Hz signal (c.f. 6.6e). Data of 6.6c and 6.6d ﬁltered from 0.01 - 25 Hz.
Spectrogram parameters: Hanning window of 10 s, 90% overlap. e) Spectro-
gram of unﬁltered background noise recorded by a broad-band sensor showing
a long-lasting monofrequent signal with frequencies varying between 2 - 5 Hz.
Spectrogram parameters: Hanning window of 10 s, 90% overlap.
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Although a nearby operating icebreaker could possibly have generated this signal, we
rather attribute a cryogenic origin to it as it is only visible on one array.
Many spectrograms of our datasets from all deployments show a long-lasting distinct
signal at 2 - 5 Hz with shifting frequencies and variable amplitudes (Figs. 6.6d and 6.6e).
This signal seems to be intrinsically related to Arctic sea ice deployments.
6.4.3 Earthquakes and ’special signals’
We could identify a variety of earthquakes occurring in diﬀerent distances from the arrays.
These signals are seen on the vertical component as they arrive from steeply below and
are visible on several arrays (Figs. 6.2 and 6.6a). They appear in the frequency range
from 8 - 25 Hz. Phase picking is done solely on the vertical component, whereas the
horizontal components are used for signal discrimination.
Local events (Fig. 6.7a) with a hypocentral distance of few km up to 50 km typically show
a pronounced ﬁrst arrival (P-phase), second arrival (SP-phase representing S-wave energy
converted to a P-wave at the seaﬂoor; Fig. 6.2) and less pronounced multiple phases (eg.
P1, P2, SP1, SP2) with decaying amplitudes reﬂected at the sea surface and the seaﬂoor
(Fig. 6.2). Above the water column, S-waves are only available as SP-converted phases
on the vertical channel. Their amplitude and clarity is reduced compared to direct S-
wave observations but their quality is suﬃcient for further study. Regional events (Fig.
6.7b) show a longer wave train with merging codas of P-, SP- and the acoustic T-phase
which travels in the ocean’s Sound Fixing and Ranging (SOFAR) channel. The T-phase
can only be recorded for earthquakes with a hypocentral distance beyond ∼ 50 km and
is therefore characteristic for regional events. A formal determination of the detection
threshold for local and regional events is not possible as the magnitude calculation is dif-
ﬁcult (Läderach et al., 2011). Earthquakes with a magnitude of mb ∼ 2 can be recorded at
regional distances (Schlindwein et al., 2007). We observed a few teleseismic earthquakes
with magnitudes of mb ∼ 6. They show coherent signals across all arrays (Fig. 6.7c).
Teleseismic events can be used for study but the short observation time period limits the
number of events available.
Ship operations even in > 10 km distance of the arrays greatly increase the noise level
and hamper the detection of earthquakes (Fig. 6.8). While in motion, the ship induces an
increased noise level in the seismogram and distinctive spectral bands in the spectrogram
(Fig. 6.8b). In addition, icebreaking results in impulsive high-frequency signals which
produce large vertical component signals consistent between the arrays (Fig. 6.8a) at
distances of at least 10 km. These signals can be discriminated from icequakes occurring
on single ice ﬂoes (Fig. 6.8a, bottom trace) but they severely hinder a reliable identiﬁ-
cation of earthquakes. Another interesting signal are long-period waves induced by the
icebreaker at distances of < 10 km (Fig. 6.8a, top trace).
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Figure 6.7: a) Local event with epicentre localized in ∼ 10 km distance of the three array
elements L1-1, L1-2 and L1-3. Vertical channels ﬁltered from 8 - 25 Hz. Note
the decaying amplitudes of the multiple phases P1, P2, SP1 and SP2. b)
Regional event with epicentre localized in ∼ 50 km distance from the stations
located on diﬀerent ice ﬂoes. Vertical channels ﬁltered from 8 - 25 Hz. c)
Teleseismic event from Eastern Honshu, Japan, on July, 23rd 2008, 15:26:00
UTC, mb 6.5, recorded on broad-band sensors of array L1, L2 and L3 and for
comparison on broad-band station KBS located on Svalbard. Vertical channels
ﬁltered from 0.5 - 15 Hz. P-wave arrival time on L1-2 ∼ 10 s later than on
KBS.
A careful inspection of our dataset reveals other interesting signals such as a curious polar
bear inspecting the sensor of one station (causing ’polar bear-quakes’ and a failure of the
sensor due to complete tilt after digging it out, Fig. 6.9a), helicopters passing the stations
during deployment and recovery ﬂights (Fig. 6.9b), and seismic shots from RV Polarstern
∼ 300 km away of the stations (Fig. 6.9c).
6.5 Conclusion
Four deployments of ice ﬂoe-sited seismic arrays showed that seismometers on ice ﬂoes
are an adequate tool to record seismicity in remote and sea ice covered regions such as
Gakkel Ridge in the Arctic Ocean. Optimized equipment and survey strategy using arrays
of 3 - 4 stations on a single ice ﬂoe allow to detect the direction of the incoming waves
and to localize local and regional earthquakes. In areas with perennial sea ice coverage
this survey method is the only existing and an excellent method to record local and
regional seismicity as the use of ocean bottom instruments is prohibited. Experiments
have shown that survey periods of several weeks are possible. During this time, the ice
drift carries the stations over large distances. Alternatively, the stations can be kept in
place by re-deployments. With the ARGOS transmitter, safe recovery is guaranteed. The
datasets have a good quality containing local and regional earthquakes which can be used
for microseismic studies to learn more about the mechanism of ultraslow spreading mid-
ocean ridges. Our optimized survey method can be used in a broad range of seismological
experiments in sea ice covered regions, both on shelf and distal areas.
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Figure 6.8: Signals generated by nearby operating icebreaker RV Oden during AGAVE
2007. a) Low-frequency waves and two high-frequency signals recorded on
station 8533 (top) and station 8513 (bottom), 15 km north of station 8533.
Note the icequake (same signal as in Figs. 6.6c and 6.6d). Data ﬁltered from
0.01 - 25 Hz. b) One hour of data recorded by station 8510. The onset of the
ship’s motion is clearly visible in the seismogram and the spectrogram with
various discrete frequency bands marked with white letters. Data ﬁltered from
0.01 - 30 Hz. Spectrogram parameters: Hanning window of 10 s, 90% overlap.
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Figure 6.9: Special signals recorded during LENA 2009 (vertical and horizontal channels)
and spectrograms of the vertical channels (BHZ). a) Signals of a polar bear
examining the sensor at station L1-2. b) Distinctive signals of a helicopter
(BO 105) passing station L1-1 showing harmonic overtone signals in the spec-
trogram. c) Seismic shots from RV Polarstern recorded on station L1-3. Data
in seismogram ﬁltered from 8 - 25 Hz, in spectrograms 6.9a) and 6.9b) from 3
- 30 Hz, 6.9c) from 5 - 30 Hz. Spectrogram parameters: Hanning window of
10 s, 90% overlap.
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7.1 Summary
The ultraslow spreading Southwest Indian Ridge (SWIR) is a prominent end member of
the global mid-ocean ridge system. It spreads with a velocity of 14 mm y-1 to 16 mm y-1
full rate and shows several segments of various obliquities. The western SWIR consists of
the Oblique and Orthogonal Supersegments lying in an epicentral distance of ∼ 21◦ to the
VNA2 seismic array operated by the German Neumayer station in East Antarctica. The
array monitors backazimuth, apparent velocity and signal-to-noise ratio of arriving waves
and provides a dataset of SWIR seismicity over several years. Compared to the global
seismological network, its detection threshold for SWIR earthquakes is more than 0.5 mb
lower enabling a more comprehensive study of mid-ocean ridge processes than the teleseis-
mic earthquake catalogues. We identiﬁed a total number of 743 earthquakes occurring at
the western part of the SWIR and calculated the body-wave magnitudes (mb) from ampli-
tude picks on the VNA2 broadband sensor obtaining a magnitude range from mb 3.18 to
mb 5.34. In the years of 2001, 2004, 2005 and 2008, signiﬁcantly increased event rates in-
dicated four earthquake swarms with up to 164 events lasting for several days. All swarms
had strong events registered in the International Seismological Centre (ISC) catalogue.
The relocalization of these events conﬁrmed that all swarms occurred in the same region
on the Orthogonal Supersegment. We analysed event and moment release rate histories,
waveform similarities and aftershock decay rates (Modiﬁed Omori Law). We found that
the swarms of 2001, 2004 and 2005 have similarities in the temporal distribution of seismic
moment and event numbers. The swarm of 2008 is smaller with high magnitude events
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at the swarm’s onset showing characteristics of a mainshock-aftershock distribution. The
waveform similarities of the swarm events have a decreasing trend from the 2001 swarm
to the 2008 swarm. The application of the Modiﬁed Omori Law only provided an inter-
pretable result for the swarm of 2008 indicating that this swarm consists of predominantly
tectonic events whereas the other swarms seem to be of tectono-magmatic origin. At the
Orthogonal Supersegment a continuous positive magnetic anomaly along the rift axis, a
negative mantle Bouguer anomaly, basalts at the seaﬂoor and potentially volcanic edi-
ﬁces indicate robust magmatic crustal accretion. The high-resolution bathymetry shows
ubiquitous rift-parallel ridges with steep ﬂanks toward the rift axis indicating high angle
normal faults. The high magnitude tectonic earthquakes detected teleseismically reported
during the swarms are generated there. We interpret that the swarms are caused by mag-
matic accretion episodes at a suggested volcanic centre of the Orthogonal Supersegment
and that possible magma injection activates the steeply dipping fault planes.
Key words: Seismology; Seismicity and tectonics; Mid-ocean ridge processes; Indian
Ocean; Antarctica.
7.2 Introduction
The remote location of mid-ocean ridges makes it a diﬃcult task to monitor their seismi-
city as a potentially vast amount of small earthquakes is assumed to go undetected.
Seismic studies of active mid-ocean ridge processes are usually done using short-term
(weeks up to year) local networks of ocean bottom seismometers (OBS). Regional auto-
nomous underwater hydrophone (AUH) arrays can be in operation for several years (e.g.
Bohnenstiehl and Dziak 2008; Simaˇo et al. 2010; Smith et al. 2002) providing a com-
prehensive earthquake dataset for events of a magnitude M ≥∼ 2 (Bohnenstiehl and
Dziak , 2008). Teleseismic earthquake catalogues span several decades (International-
Seismological-Centre, 2001) with the disadvantage of a great epicentral distance to the
study area lowering the detection capability. The situation is especially bad for ultraslow
spreading ridges as they are situated in the ice covered Arctic Ocean or the windy lati-
tudes of the Southwest Indian Ocean. These remote regions lack local OBS studies, solely
allowing limited studies on ice ﬂoes (e.g. Läderach et al. 2011; Läderach and Schlindwein
2011) and limited deployment of AUH arrays (Sohn and Hildebrand , 2001). Hence, seis-
micity studies of ultraslow ridges have to fall back on the data recorded by the global
network of land stations archived by the International Seismological Centre (ISC).
In case of the western Southwest Indian Ridge (SWIR; Fig. 7.1), the closest stations
are located in Antarctica at a distance of ∼ 21◦. Among them is the VNA2 array on
Halvfar Ryggen operated by the German Neumayer station (Fig. 7.1). The array is con-
stantly monitoring backazimuth, apparent velocity and signal-to-noise ratio of arriving
waves (Fig. 7.2c). Together with the opening of the new Neumayer III station in 2009,
the data acquisition system of the array has been replaced and the new system is in oper-
ation since 2010. The VNA2 dataset from the years 2001 to 2009 contained a conspicuous
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cluster of events arriving with backazimuth and slowness values which indicate an origin
at the SWIR. The event rates are much higher than teleseismic detections in this area
thus providing the unique possibility to study ultraslow mid-ocean ridge processes at a
regional distance. Four episodes of intense earthquake activity bear the opportunity to
analyse swarms possibly caused by an active accretion episode of the SWIR.
Figure 7.1: Overview of the Southern Ocean with the SWIR with ETOPO 2 bathymetry
(Smith and Sandwell , 1997) and exemplary global network stations (with ISC
station code) located in Africa and Antarctica and inset showing stations lo-
cated within an epicentral distance of ∼ 35◦. Boxes mark the outline of Figs.
7.2 and 7.3. Abbreviations: Bou, Bouvetøya; Cro, Iles Crozet; PE, Prince
Edward Islands; SWIR, Southwest Indian Ridge.
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7.3 Geological setting
The ultraslow spreading SWIR and Arctic Gakkel Ridge are the end members of the
global mid-ocean ridge system. The SWIR spreads with a velocity of 14 mm y-1 to 16
mm y-1 full rate and consists of magmatic and amagmatic accretionary ridge segments
(Dick et al., 2003). The latter can be established with any orientation to the spreading
direction. The rift valley ﬂoor is mainly composed of peridotite and shows a weak mag-
netization. Mantle horst blocks are the main topographic element and detachment faults
can expose mantle material to the sea ﬂoor (Dick et al., 2003). Magmatism is focussed in
isolated volcanic centres and along-axis melt ﬂow mechanisms have been proposed (e.g.
Grindlay et al. 1998; Cannat et al. 2008).
Magmatic segments are found mostly on orthogonal spreading ridge segments and show
elongated rift-parallel ridges in the rift valleys accompanied by normal faults forming the
staircase topography of the rift valley walls. At magmatic centres bull’s eye circular pat-
terns of mantle Bouguer anomalies (MBA) are abundant and suggest focused melt/mantle
ﬂow forming a thicker crust (e.g. Tolstoy et al. 1993).
From 10◦E to 16◦E, the so-called ’Oblique Supersegment’ is highly oblique spreading with
an eﬀective spreading rate (ESR; half spreading rate in ridge-perpendicular direction) of
merely 3.9 mm y-1 (Dick et al., 2003). It consists of extended amagmatic segments and
only two volcanic centres (Narrowgate magmatic segment and Joseph Mayes seamount;
Fig. 7.2).
From 16◦E to 25◦E, the SWIR spreads nearly orthogonal with an ESR of 7.2 mm y-1.
Mostly basalts were found along this ’Orthogonal Supersegment’ (Dick et al., 2003). It
is interpreted as a magmatic segment and shows a continuous positive magnetic anomaly
at the rift axis.
The crust of the SWIR is expected to be cold and brittle (e.g. Tolstoy et al. 1993).
Consequently, tectonic earthquakes with high magnitudes could be generated at faults.
7.4 Methods
7.4.1 Extraction of events from the VNA2 dataset
Operated by the German Neumayer station in Eastern Antarctica, the station VNA2
is detecting local, regional and teleseismic earthquakes (Figs. 7.1 and 7.2; Büsselberg
et al. 2001). The VNA2 array is located ∼ 50 km southeast of the Neumayer Station on
the Halvfar Ryggen. It consists of one central three component broadband sensor (LE-
3D/20s) and three concentric rings of 15 vertical short-period sensors (MARK L-4/C),
each ring with an odd number of sensors (A-ring, 3 sensors; B-ring, 5 sensors; C-ring,
7 sensors). The outermost C-ring has a radius of ∼ 1 km. The Lennartz PCM-5800
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Figure 7.2: a) Oblique and Orthogonal Supersegment of the SWIR with spreading direc-
tion after Dick et al. (2003). White stars plot teleseismic earthquakes from
2001 to 2009 (International-Seismological-Centre, 2001) and black rectangle
denotes the outline of Fig. 7.6. Abbreviations: FZ, Fracture Zone; 1, Joseph
Mayes magmatic segment; 2, Narrowgate magmatic segment; 3, 16◦E dis-
continuity (Dick et al., 2003). Bathymetry as in Fig. 7.1. b) Oblique and
Orthogonal Supersegment with available focal mechanisms with best ﬁtting
double-couple solutions from the Global CMT catalogue (e.g. Ekström et al.
2005) from 2001 to 2009. Bathymetry as in Fig. 7.1. c) Backazimuth and
slowness (in s/◦) of detections from the VNA2 array (plotted in the centre).
Low slowness values positioned in the centre, slowness values of 16 s/◦ on the
outline of the circle. Detections from seismically active regions cluster at spe-
ciﬁc backazimuth and slowness values. SWIR detections have a backazimuth
of ∼ 35◦ and a slowness of ∼ 10 s/◦. Abbreviations: F/T, Fĳi/Tonga islands;
SA, South America; SWIR, Southwest Indian Ridge.
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data logger is sampling with a rate of 62.5 Hz and data is sent constantly via radio link
to Neumayer station. Due to the polar night with a duration of 8 weeks, the VNA2
array faces energy problems as the solar panels stop producing electricity and charging
the batteries. The battery capacity is not suﬃcient to bridge the dark winter time and
thus, the VNA2 array has outages of up to 150 days which cause a seasonal bias on the
data. The array is constantly monitoring backazimuth, slowness and signal-to-noise ratio
of arriving waves by automatic beamforming and frequency-wavenumber analysis using
the NORSAR detection processing/event processing algorithm (Schweitzer et al., 2009).
The slowness is estimated assuming that the wave front is plane (Schweitzer et al., 2009),
which is nearly the case for small aperture arrays with diameter of < 5 km. The plot
of all triggered detections of the array shows several clusters of detections with diﬀerent
slowness values (Fig. 7.2c). Local tectonic and cryogenic seismicity (e.g. crevassing of
glaciers, ice bergs colliding with the shelf; Müller et al. 2005 have high slowness values,
whereas teleseismic earthquakes have low slowness values as their waves arrive from steep
below the array (e.g. Iyer 1971). Subduction zone earthquakes in the Fĳi-Tonga region
and South America appear as clusters with backazimuths centered at 180◦ and 290◦,
respectively (Fig. 7.2c). A third prominent cluster of detections originating at closer
distances lies at a backazimuth of ∼ 35◦ and a slowness of ∼ 10 s/◦. This cluster contains
earthquakes from the western SWIR.
We extracted array detections arriving within a slowness range of 4.0 s/◦ to 12.5 s/◦ and
backazimuths ranging from 22◦ to 45◦. These backazimuths encompass the region of the
Oblique and the Orthogonal Supersegments (Dick et al. 2003; Figs. 7.1 and 7.2). By
limiting the slowness values we tried to exclude signals generated by local events and ice
signals.
We then extracted the waveforms of each triggered signal by cutting a 120 s window
starting 20 s before the triggered detection. These seismograms were bandpass ﬁltered
from 0.5 Hz to 5 Hz as recommended by the International Association of Seismology and
Physics of the Earth’s Interior (IASPEI) for magnitude determination. P-wave onsets
were picked on the vertical component seismogram of the broadband station VNA2 and
on the vertical component of the short-period sensor WA1 located at the innermost A-
ring of the array. Amplitudes were picked in the P-wave train of the VNA2 and the WA1
vertical component seismogram. However, due to insuﬃcient quality of the amplitude
picks on the short-period seismogram, it was not used for magnitude determination.
7.4.2 Relocalization of teleseismic earthquakes
With an epicentral distance of ∼ 21◦, it is not possible to localize the hypocentres solely
with data from the VNA2 array (Fig. 7.1). Therefore, we collected phases from ISC
for the time period from 2001 to 2009 for earthquakes in the study area (International-
Seismological-Centre, 2001) and relocalized them using HYPOSAT, a least-squares algo-
rithm of Schweitzer (2001), and a velocity model of Kennett (1992), which is an adapted
version of iasp91 for oceanic environment. To improve the quality of the relocalization,
we performed a simple master event (ME) localization technique as described by Fitch
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(1975), which we used already for a study in the Arctic Ocean (Läderach et al., 2011).
This technique is based on the assumption that the arrival time residuals of a localized
earthquake are caused solely by velocity anomalies along the wave path. Furthermore, it
is assumed that the wave paths of events occurring in the same region at diﬀerent times
are nearly identical and thus one high magnitude event with reported phases of many
stations can be used as a ME to correct the time residuals for weaker events occurring in
the same region.
We can clearly correlate the relocated teleseismically recorded earthquakes with VNA2
detected earthquakes occurring at the same time and hence identify teleseismically de-
tected events in the VNA2 dataset. We tried to correlate the reported backazimuth of the
triggered events with the relocalized epicentres in order to attribute backazimuth ranges
to certain earthquake source areas. Unfortunately, this correlation is too inaccurate to
make any reliable conclusions. The backazimuth shows great variations depending on
where in the wave train it was determined. Hence, the backazimuth is of little value to
further constrain the source location.
7.4.3 Magnitude determination of the regional dataset
From the peak-to-peak amplitude (A) of the P-wave train and its period (T) we calculated
the intermediate-period/broadband body-wave magnitude (mb) using:
mb = log10(A/T )max + Q(Δ, h) (7.1)
where
(A/T )max = V max/2π (7.2)
where Vmax = ground velocity in μm/s associated with the maximum trace-amplitude in
the entire P-wave train (International-Seismological-Centre, 2006). We used a Q value
of 6.1 for the attenuation function for P-waves recorded on the vertical component es-
tablished by Gutenberg and Richter (1956) depending on the focal depth (h) and the
epicentral distance in degrees (Δ). To evaluate the calculated magnitudes, we compared
them with the magnitudes of 71 earthquakes as reported by ISC. For further investiga-
tion, we calculated the uniﬁed magnitude (M) after the following formula (Scordilis , 2006):
M = 0.85(±0.04)mbu + 1.03(±0.23) (7.3)
where for local catalogues the uniﬁed body-wave magnitude mbu = mb. We calculated
the moment release M0 for each event after the formula of Kanamori (1977):
M = 2/3(logM0 − 9.1) (7.4)
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The magnitude of completeness (Mc) was determined using the maximum-curvature me-
thod of Woessner and Wiemer (2005) and the b value after the maximum likelihood
estimate of Aki (1965).
7.4.4 Swarm analysis
7.4.4.1 Waveform coherence
To test whether the events during swarm periods have similarities to each other, we cal-
culated the coherence of the waveforms for all pairs of events. Such a procedure is often
applied in matched ﬁlters to detect a known and speciﬁc type of waveform improving
the detection capability of arrays (e.g. Gibbons and Ringdal 2006). Furthermore, it can
also be used for comparison of similar events and to possibly detect changes in source
mechanisms which are not evident in visual comparison of the waveforms. We calculated
the coherence with the correlation coeﬃcient ψk according to Gubbins (2004):
ψk =
∑




p bp bp (7.5)
where the dividend is the cross correlation between event a and event b and the divisor is
the root of the product of the auto correlation of a and b normalizing ψk to 1 for perfect
correlation. We regarded values ≥ 0.7 to indicate coherent signals. The correlation
coeﬃcient is calculated for a window of 3 s starting 0.05 s before the onset pick of the
P-wave train. Events with a signal-to-noise ratio of < 15 have been excluded from the
calculation. Each of the remaining 220 events was compared with the other, resulting in
24’090 values which is the product of 219 x 110 possible combinations.
7.4.4.2 Modiﬁed Omori Law
In addition, we applied the Modiﬁed Omori Law for mainshock-aftershock sequences
(Kisslinger , 1996; Utsu et al., 1995; Simaˇo et al., 2010) using R, a free software envi-
ronment for statistical computing (Ihaka and Gentleman, 1996). The Modiﬁed Omori
Law states a causal relationship of earthquakes organised in a tectonic swarm saying that
each mainshock triggers an aftershock which in turn triggers another aftershock. The de-
cay law of Omori for mainshock-aftershock sequences (Modiﬁed Omori Law) is expressed
in the following formula:
n(t) = K/(c + t)p (7.6)
where n(t) is the aftershock frequency at time t after the mainshock, K and the time
oﬀset parameter c are constants depending on the number of earthquakes within the
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sequence, the size of the mainshock, the completeness magnitude and the rate of activity
immediately after the mainshock. The decay exponent p describes the rate of strain
release during the aftershock sequence. Typically, it displays values of ∼ 1 in case of rapid
strain release, whereas small values reﬂect a poor dependency of a mainshock-aftershock
sequence. Values between 0.6 and 2.5 have been observed (Utsu et al., 1995). As quality
indicator of the ﬁt between calculated model and swarm, we took into account the Akaike
Information Criterion AIC which displays smallest values for the best ﬁt (Akaike, 1974).
7.5 Results
7.5.1 Relocalization of teleseismic earthquakes
We performed a master event relocalisation of 82 events reported by ISC. We chose a mb
5.1 event of August, 2nd 2007, 07:19:21 UTC, as master event (ME). Its location at the
westernmost end of the study area is not ideal for a ME, but it provided a total of 842
phase readings. The relocalization yielded 43 events whose length of the semi-major axis
of the 95% error ellipse (Smaj) is < 30 km. These event locations have a mean rms error of
0.85 s and a mean Smaj of 16.3 km. They are based on an average of 37 phases. Compared
to our study in the Arctic Ocean (Läderach et al., 2011), the relocalization of events at the
SWIR has a lower percentage of relocalized events of minor quality and with fewer phases.
This is due to the remote location of the SWIR with the closest stations at an epicentral
distance of ∼ 21◦ (Fig. 7.1). Fig. 7.3 shows the epicentres used for interpretation. The
relocation of the ME diﬀers about ∼ 10 km from the ISC location, whereas some of the
other events are shifted up to 50 km from the initial location. The relocation vectors do
not point toward the ME but rather in a northwest-southeast direction. West of 18.4◦E,
the events cluster within the rift valley, except for one event located at the northern rift
valley wall in a rift-parallel depression which is separated from the rift valley through a
∼ 30 km long ridge. To the east, most events cluster in the southern part of the rift
valley on the eastern end of a ∼ 50 km long rift-parallel ridge. To the north, three events
occur on the rift-parallel ridges up to ∼ 30 km oﬀ-axis and two events are located in a
similar setting directly opposite on the southern side of the rift valley ∼ 30 km oﬀ-axis.
Three events occur at the southern rift valley walls and one single event is located further
east at a rift-parallel ridge which lies in the same striking direction as the ∼ 50 km long
ridge mentioned above. The 7 available focal mechanisms from the Global CMT catalogue
(e.g. Ekström et al. 2005) for the relocated events show normal faulting mechanisms with
steeply dipping fault planes (Fig. 7.3).
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Figure 7.3: Relocalization of events reported by ISC. Master Event (ME) plotted as white
star with red outline, symbol size of events according to number of phases used
for relocalization. 95% error ellipse plotted in red. Tip of white line pointing
toward ISC location. Focal mechanisms as in Fig. 7.2b). Interpolated high-
resolution bathymetry after Grindlay et al. (1998).
7.5.2 Regional earthquakes
7.5.2.1 Magnitudes
Of a total amount of over 1850 triggered detections we identiﬁed 743 earthquakes origi-
nating in the study area during a time span of 8 years (Fig. 7.4). The low percentage
of earthquakes compared to the detections is due to the fact that waves within a single
wavetrain are often triggered several times and periods of high noise level tend to generate
wrong detections.
We calculated body-wave magnitudes from the amplitude picks on the VNA2 broadband
sensor. The magnitudes range from mb 3.18 to mb 5.34. The smallest ISC-detected
earthquakes on the Oblique and Orthogonal Supersegment have a magnitude of mb 3.6.
Hence, the detection threshold of the VNA2 array is ∼ 0.5 mb lower than ISC. Comparing
the VNA2 magnitudes to those reported by ISC, we observed a systematic shift with VNA2
magnitudes being on average 0.37 mb higher than ISC magnitudes (Fig. 7.5a). Taking
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Figure 7.4: a) Cumulative seismicity and magnitudes of events at the Oblique and Or-
thogonal Supersegment of the SWIR detected from the VNA2 array. Single
events detected by the array plotted as red circles with calculated body-wave
magnitude (mb, right axis), cumulative seismicity plotted as thick black line
(left axis). Body-wave magnitude of teleseismic events reported by ISC from
diﬀerent sections of the SWIR, for diﬀerent symbols see legend in b). Teleseis-
mic earthquakes detected by the array are plotted with a thin blue line. Swarm
periods marked with ’sw’ and year. Dark grey bars show seasonal outages of
the VNA2 array during Antarctic winters. b) Oblique and Orthogonal Su-
persegment with the epicentres of the teleseismic events plotted with diﬀerent
symbols according to their location. Abbreviations: FZE, Fracture Zone East;
FZW, Fracture Zone West; ObS, Oblique Supersegment; OrSC, Orthogonal
Supersegment Centre; OrSE, Orthogonal Supersegment East; OrSW, Orthog-
onal Supersegment West. Bathymetry as in Fig. 7.1.
this discrepancy into account, the detection threshold of VNA2 is probably ∼ 0.9 mb
lower than the ISC detection threshold. However, the magnitude diﬀerence between ISC
magnitudes and VNA magnitudes is not constant but scatters strongly. Diﬀerentiating
the teleseismic earthquakes according to their location on the SWIR (Fig. 7.4b), we
note that the events located on the Orthogonal Supersegment Centre, especially the high
77
7 Third paper: Earthquake swarms at the Southwest Indian Ridge
magnitude events during the four swarms on the Orthogonal Supersegment Centre, show
∼ 1 mb higher magnitudes at VNA2 relative to the ISC average magnitude (Fig. 7.5a).
Contrasting to this, the VNA2 magnitudes of four events located on diﬀerent SWIR
segments are severely underestimated by values of ∼ 1 mb. Best concordances are found
for earthquakes located at the Du Toit Fracture Zone (FZ) and the Andrew Bain FZ (FZE
in Fig. 7.4b) which predominantly show strike-slip focal mechanisms (Fig. 7.2b).
Fig. 7.5b shows several events recorded on the vertical broadband component of VNA2
which are also reported by ISC. Their magnitudes are noted in Fig. 7.5a and no correlation
of waveform quality and magnitude discrepancy is evident. Hence, we conclude that:
1. the VNA2 magnitudes are generally higher than the ISC magnitudes;
2. the magnitude diﬀerence scatters strongly;
3. the magnitude diﬀerence is dependant on which SWIR segment the events occur.
The biggest diﬀerences are found for the Orthogonal Supersegment.
The b value calculated from the uniﬁed magnitude M for all the 743 events is 1.28± 0.06
and the magnitude of completeness M 4.50. Due to the overestimated magnitude values,
the magnitude of completeness might correspond to a magnitude of M 4.2 in ISC values.
Figure 7.5: a) Comparison of magnitudes computed by ISC and magnitudes calculated
from amplitude picks on VNA2. Focal mechanisms as in Fig. 7.2b). Black line
denotes correlation of magnitudes, red line shows average misﬁt of magnitudes.
For symbol legend see Fig. 7.4. Numbers according to events plotted in
b). b) Examples of events recorded on VNA2 broadband vertical component
seismograms with date and signal-to-noise ratio (snr). Green numbers display
events which have coherence values > 0.7 compared to each other.
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7.5.2.2 Identiﬁcation of swarms
A criterion used in the deﬁnition of earthquake swarms (Bohnenstiehl and Dziak , 2008)
is that during swarms, the event rate exceeds 10% of the variance of the long-term back-
ground seismicity. Over this 8-years period the rate of events recorded at Neumayer
station is 0.34 events per day (event rates are calculated disregarding the outage periods).
We identify four swarm sequences showing manifold increased event rates ranging from
5.2 events per day to 38.3 events per day in 2001, 2004, 2005 and 2008 (Figs. 7.4a and 7.6;
Tab. 7.1). Excluding the swarm periods from the calculation, the background seismicity
in years without swarms is 0.10 - 0.13 events per day. During the four swarm periods,
the ISC based teleseismic event rate is also increased to 0.46 - 2.79 events per day from
background rate of 0.05 - 0.08 events per day. Hence, the regionally detected swarms can
also be identiﬁed in teleseismic data, even if event rates are an order of magnitude lower
(c.f. Schlindwein 2011).
Table 7.1: Summary of the four swarms with number of events, duration, event rate, mag-
nitude range and total moment release.
During the four swarm periods, ISC reports 32 teleseismic events out of which 30 events
occur at the ridge segment we refer to as Orthogonal Supersegment Centre (Fig. 7.4b).
Solely two events on Julian Day 341, 2001 and on Julian Day 308, 2005 are located on
other segments (Figs. 7.6a and 7.6c). None of the other rift segments display swarm-
like behaviour during the period of our study. Out of these 30 events occurring at the
Orthogonal Supersegment Centre, we could relocalize 17 events with an adequate quality
(Fig. 7.6). Interestingly, all the relocations plot in the same region of about 80 km x 40
km (with the long side across the rift valley; see maps in Fig. 7.6).
The swarm sequence of 2001 (Fig. 7.6a) lasts from December, 3rd (Julian Day 336) 2001
until December, 9th (Julian Day 343) 2001 and has a total number of 164 events (23.1
events per day). The ﬁrst teleseismic event occurs two days after the onset of the swarm
and a total of 7 ISC events are reported for the whole swarm. These 7 events could be
relocalized in a suﬃcient quality. Calculated magnitudes range from mb 3.29 to mb 5.34.
Between Julian Day 341.2 and 342.9, the seismic activity comes to a complete stop. It
restarts at the end of Julian Day 342 with a cluster of 6 events which mark the end of the
swarm.
The swarm of 2004 (Fig. 7.6b) starts on May, 24th (Julian Day 145) 2004 and has 115
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Figure 7.6: Cumulative number of events with relocated ISC events (maps) occurring at
the same time. Note the identical spacing of the time axis for all swarms.
Numbers indicate the succession of the relocated ISC events in the map and
speciﬁed for two events occurring at the end of the swarm in blue on the left
side. Focal mechanisms as in Fig. 7.2b). a) Swarm of 2001 with a total
amount of 164 events during 7.1 days. b) Swarm of 2004 with a total amount
of 115 events during 3.0 days. Note the dark grey box indicating the outage
of the VNA2 broadband sensor which missed to record four teleseismic events.
c) (following page) Swarm of 2005 with a total amount of 154 events during
16.9 days. d) (following page) Swarm of 2008 with a total amount of 29 events
during 5.6 days. Bathymetry as in Fig. 7.3.
events until May, 27th (Julian Day 148) 2004 (38.3 events per day). ISC reports 7 events
for the same period occurring two days after the onset of the swarm. Only two events
could be localized. Three teleseismic events reported for Julian Day 148 and one event on
Julian Day 150 could not be analysed as the VNA2 broadband sensor recorded no data
from Julian Day 148, 08:00 UTC to Julian Day 151, 14:00 UTC. All four events are visible
on the WA1 short-period sensor which we used to verify the event identiﬁcation but it was
not used for magnitude determination and further study. Calculated magnitudes range
from mb 3.37 to mb 5.27.
The swarm of 2005 (Fig. 7.6c) lasting from November, 4th (Julian Day 308) 2005 to
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November, 21st (Julian Day 325) 2005 consists of 154 events (9.2 events per day). 7
teleseismic events are reported during the swarm sequence with the earliest occurring
three days after the swarm onset. One teleseismic event occurs on Julian Day 308, but it
is located on a diﬀerent segment of the SWIR and is not counted to the swarm. Solely
two events could be relocalized. Calculated magnitudes range from mb 3.23 to mb 5.33.
Between Julian Day 319.3 and 321.8, the seismic activity stops completely to start again
with densely clustered events for three additional days. In contrast to previous swarms,
the ﬁrst phase (Julian Day 308.6 to 319.3) of the 2005 swarm is less densely clustered
with an event rate of 9.5 events per day, whereas the second phase (Julian Day 321.8 to
325.7) shows event rates of 14.3 events per day.
The swarm of 2008 (Fig. 7.6d) lasts from September, 17th (Julian Day 261) 2008 to
September, 22nd (Julian Day 266) 2008 and shows a total number of 29 events. Compared
to the other swarms it shows a rather low event rate of 5.2 events per day (Tab. 7.1) and
a low number of detected events which are not very evident in the cumulative seismicity
(Fig. 7.4a), but its event rate is considerably higher than the background seismicity of
0.18 events per day in this year. During the swarm period, ISC reports 11 events which
are well distributed over the total swarm with several events of > mb 5 at the onset of the
swarm. Three ISC events occurring on Julian Day 261 and 262 are not seen by the array.
6 teleseismic events provide stable localizations. Calculated magnitudes range from mb
3.71 to mb 5.26. Similar to the swarms of 2001 and 2005, the 2008 swarm displays a gap
without any activity from Julian Day 264.1 to 266.3.
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7.5.2.3 Waveform coherence
The waveform coherence of 220 swarm events with a signal-to-noise ratio > 15 is plotted
in Fig. 7.7. Each swarm was evaluated for coherence with itself and with the other three
swarms resulting in 10 possible combination groups for which we calculated the average
coherence values. Coherence values > 0.7 are assumed to show similar waveforms and
are denoted with green colours. Several events of lower coherence can be identiﬁed as red
lines among the dataset. The swarm of 2001 compared for similarity with itself shows
only few isolated events with low coherence. The similarity of the 2004 swarm compared
with itself displays a major group of events which forms a band of low coherence values
at the end of the swarm. The waveforms of these events do not signiﬁcantly diﬀer from
others, apart from a less impulsive onset of the P-phase (4 in Fig. 7.5b). The 2005 swarm
is less coherent than the swarms of 2001 and 2004. After event 170, the swarm displays
bands of incoherent events which are only disrupted with few coherent values. Overall, the
banded pattern of coherent values is decomposed and appears more randomly distributed.
The 2008 swarm with only 29 events does not show any systematic waveform similarity,
but coherence appears randomly distributed. The comparison of one swarm with the
other indicates that the swarm of 2001 has a certain type of waveform which is abundant,
producing bands of high coherence values. In the later swarms, this event type is still
present as indicated by the green stripes of coherent events, but the abundance of this
particular event type decreases which results in decaying coherence values during time.
This is also illustrated by the averaged coherence values which are lowest for the swarm
of 2008 (Fig. 7.7). Incoherent events often show low signal-to-noise ratios due to weak
events or high background noise. Such a lower signal quality can cause low coherence
values but a systematic decrease of signal quality which could produce the deteriorating
signal coherence from 2001 to 2008 is not observed.
7.5.2.4 Moment release and Modiﬁed Omori Law
The normalized cumulative moment release and the normalized swarm duration allow the
comparison of the swarms’ temporal development (Fig. 7.8a). The swarms of 2001, 2004
and 2005 display a similar evolution with low moment release at the swarm initiation
followed by a ’staircase’ pattern with a relatively constant gradient (moment release rate)
of ∼ 1 indicating that the percentage of emitted events and the percentage of released
moment are roughly equal. The swarm of 2008 shows a steeper gradient as the ﬁrst 7
events of the swarm release > 70% of the seismic moment. At half time of the swarm
duration, the activity comes to a complete stop and only after 90% of the swarm duration
some additional events occur.
Comparing the normalized cumulative event rate with the normalized cumulative moment
release, the swarm of 2008 diﬀers considerably from the others (Fig. 7.8b). The swarms of
2001, 2004 and 2005 show a balance between event rate and moment release which means
that events of moderate magnitudes are dominating the swarms. During short phases, the
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Figure 7.7: Waveform coherence of each swarm event compared with the others resulting
in 24’090 combinations starting form top left with the 2001 swarm to bottom
right with the 2008 swarm. Values within the 10 boxes denote the average
coherence of all the calculations in each box. Black numbers with arrows
point to the events plotted in ﬁgure 7.5b).
swarms of 2001 and 2005 show a strong moment release which raises the moment release
curve above the event rate curve. The swarm of 2008 is dominated by high magnitude
events which is responsible for the separation of the two curves (Fig. 7.8b).
The Modiﬁed Omori Law for the four swarms could not be ﬁtted well (Fig. 7.8c; Tab.
7.2). Between 34.5% and 55.2% of the swarm events could not be used for the calculation,
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as they have magnitudes below the completeness magnitude.
The swarm of 2001 shows a break in activity at ∼ 40% of swarm duration causing the
strong curvature of the calculated model. For this swarm, the aftershock decay rate p
of 2.72 is high indicating a rapid strain-release and a mainshock-aftershock dependence.
The low time oﬀset parameter c of 3.50 h indicates a suﬃcient quality. Unfortunately,
the events occurring at the end of the swarm have decreasing magnitudes being below
the completeness magnitude (Fig. 7.6a) and are excluded from the calculation. Hence,
the swarm duration decreases from 7.1 days to 5.8 days and we doubt that the calculated
model describes the real swarm in a suﬃcient way.
Table 7.2: Summary of the swarm events with magnitudes above the magnitude of com-
pleteness (M 4.50) and the resulting parameters from the model of the Modiﬁed
Omori Law; aftershock decay rate (p), Akaike Information Criterion (AIC) and
the time oﬀset parameter (c).
The 2004 swarm has an extremely low p value of 0.18 which should be doubted. The
extraordinary high value for the time oﬀset parameter c indicates that the model for this
swarm is questionable as c typically displays values < 20 h (Kagan and Houston, 2005;
Utsu et al., 1995). Similar to the 2001 swarm, the swarm of 2004 has a jump of activity
occurring after 30% of the swarm duration.
The swarm of 2005 shows a similar ’staircase’ pattern with a jump of activity after 30%
of the swarm duration. The p value calculated for this swarm is 1.38 with a high c value
of 43.47 h.
The modelled curve for the swarm of 2008 ﬁts in the beginning of the swarm but diﬀers
for the second half of the swarm as the swarm activity comes to a stop between 50% and
90% of the swarm duration. The p value for the 2008 swarm is 1.18 with a c value of 2.5
which is a suﬃcient quality to be used for further interpretation.
The evident result from applying the Modiﬁed Omori Law to our swarms is that they
cannot be ﬁtted well with calculated models. Except for the 2008 swarm, they do not
represent a mainshock followed by aftershocks with decaying magnitudes and increasing
time intervals between events. Possibly, it is problematic to perform this calculation on
datasets with a vast majority of events having magnitudes smaller than the completeness
magnitude as a lot of information is lost by excluding these events.
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Figure 7.8: a) Normalized cumulative moment release versus normalized swarm duration
of the four swarms with the total moment release per swarm denoted at the
right bottom of the plot. Each dot stands for one event. b) Normalized
cumulative moment release (coloured line) and normalized cumulative number
of events (black line with grey background) versus normalized swarm duration.
c) Normalized cumulative number of events versus normalized swarm duration
with data (solid line) and model (dashed line) applying the Modiﬁed Omori
Law for the four swarms with the number of events at bottom right of each plot.
Note that only events with magnitudes > M 4.50 (completeness magnitude) are
plotted and used for calculation. A vast amount of weaker events is excluded
(c.f. Tabs. 7.1 and 7.2).
7.6 Interpretation
7.6.1 Regional dataset of SWIR seismicity
With a position almost perpendicular to the rift axis of the SWIR (in particular to the axis
of the Orthogonal Supersegment, Fig. 7.1), the VNA2 array seems to be in a favourable
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location to detect earthquakes occurring there. The magnitude determinations based on
the amplitudes picked on the VNA2 broadband sensor are shifted toward higher magni-
tudes relative to the ISC magnitudes. The average magnitude diﬀerence of mb 0.37 is not
consistent for all events but shows a dependence on the event location (Fig. 7.5a). The
majority of the SWIR seismicity displays normal faulting extensional focal mechanism
with the direction of the main stress axis (σ1) parallel to the spreading direction (Fig.
7.2). Fault planes of the normal fault events have steep dips ranging from 22◦ to 71◦ (on
average 38◦ and 53◦ for the two planes). The strike of the fault plane (on average 158◦
and 246◦ for the two planes) is mostly parallel to the rift valley. Hence, σ1 points steeply
down and toward the VNA2 array which monitors maximal energy radiation of events
with normal faulting mechanism. In contrast to this, the majority of stations used by ISC
are found in prolongation of the rift axis (e.g. South America and Southeast Asia). In
this direction, the directional characteristics of normal faulting events at the SWIR are
not as favourable resulting in lower ISC magnitudes. With a diﬀerent focal mechanism,
the directional characteristics change and σ1 is oriented in another direction. This is the
case for events with strike-slip focal mechanisms occurring at the Shaka FZ (FZW in Fig.
7.4b) and at the Du Toit and Andrew Bain FZs (FZE in Fig. 7.4b). The magnitudes
of these events display the best agreement between the ISC and VNA2 determinations
(black and grey crosses in Fig. 7.5a).
Another possibility for the discrepancy of VNA2 and ISC magnitudes is a systematic
error of the magnitude values of VNA2 as the array is located on an ice sheet of several
hundred meters thickness covering the bedrock beneath. This would probably cause a
constant magnitude diﬀerence without giving an explanation why the diﬀerence depends
on the epicentre locations. Hence, we conclude that the diﬀerence of VNA2 magnitudes
for events with extensional focal mechanism is probably caused by the directional charac-
teristics of extensional earthquakes emitting energy preferentially in the direction of the
VNA2 array.
The regional VNA2 dataset has a detection threshold suﬃciently low to record also the
low magnitude earthquakes caused during magmatic diking. We expect that events gen-
erated in other magmatic processes, such as ﬂuid circulation processes detected on other
mid-ocean ridges (Tolstoy et al., 2008), are present but below the detection threshold of
the VNA2 array. The tectonic earthquakes are the high magnitude response on a possible
magma injection generated in order to adjust to the new stress regime. Dziak et al. (2004)
come to the same conclusion for an AUH recorded swarm with an unusually high num-
ber of teleseismic events for a diking episode on the Mid-Atlantic Ridge. The magnitude
ranges for the four swarms are very consistent with the remarkable exception that the
lowest magnitude recorded during the 2008 swarm is mb > 0.34 higher than the lowest
magnitudes of the other swarms (Tab. 7.1). As the detection threshold is constant over
time, we suggest that the 2008 swarm has a preference for tectonic earthquakes and that
magmatic events are probably absent. It is also possible that this eﬀect is caused by a
slightly increased noise level due to stormy conditions at the array site preventing the
detection of low magnitude events.
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7.6.2 Teleseismic evidence of SWIR swarms
Due to the remoteness of mid-ocean ridges, studies of mid-ocean ridge seismicity often
have to fall back on stations onshore (c.f. Schlindwein 2011). This lowers the detection
capability and the amount of undetected events increases.
Local studies on mid-ocean ridges of intermediate- and fast-spreading velocities (e.g. Juan
de Fuca Ridge and East Paciﬁc Rise) showed that accretion episodes coincide with swarms
of low magnitudes (Fox and Dziak , 1998). An observed migration of such low magnitude
events during accretion episodes is used as a criterion for diking processes (Bohnenstiehl
and Dziak , 2008). Even during such accretion episodes, intermediate- and fast-spreading
ridges lack teleseismic events. Hence, only local studies and AUH studies detect swarms
and accretion events at these ridges (e.g. Dziak and Fox 1999; Fox and Dziak 1998). In
the case of the SWIR, all the swarms are detected teleseismically and it is surprising to
see that lowered detection threshold does not yield more swarms in our study area. We
attribute this to the ultraslow spreading regime. Due to the cold, brittle crust at ultraslow
spreading ridges, accretion episodes seems to generate tectonic earthquakes strong enough
to be detected teleseismically. Processes like melt migration during diking are not seen
teleseismically as the accompanying microearthquakes are below the detection threshold
of the global station network (c.f Schlindwein 2011). We conclude that seismic swarms
related to potential accretion episodes in ultraslow spreading regimes have magnitudes
which can be detected teleseismically.
7.6.3 Evidence for magmatic accretion episodes witnessed by the VNA2 array
7.6.3.1 Waveform coherence
Several of the results obtained from our detailed swarm analysis indicate that there is a
gradual change of swarm characteristics from the swarm of 2001 to 2008. Waveforms of
earthquakes with a close location and at the same faults have a greater similarity than
earthquakes of diﬀerent locations and focal mechanisms (e.g. Aster and Scott 1993; Deich-
mann and Garcia-Fernandez 1992; Geller and Mueller 1980). Hence, events organised in
swarms are expected to show a certain waveform similarity.
The coherence calculations we performed for the swarm events show that a certain amount
of the events are similar to each other (Fig. 7.7). There is an event type abundant in
the 2001 swarm which abates continuously during time, but is present in all the swarms.
This decreasing trend of waveform similarity can be traced until the end of the swarm
dataset. As the wave path from the hypocentres to VNA2 is nearly the same for all events,
we assume that the decrease in similarity of the swarms is caused by a slight change of
location (which is not evident in the relocalized teleseismic record) or a change of focal
mechanisms. We interpret that this decrease reﬂects diﬀerent origins of the events. Even if
tectonic earthquakes are organised in a swarm and thus are linked causally, they may occur
on diﬀerent fault planes of diﬀerent locations resulting in waveforms of low similarity. In
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contrast, earthquakes of a swarm produced by magma intrusion are more closely linked
to a point-source repetitively generating earthquakes. Therefore, we assume that such
events show a greater waveform similarity than tectonic swarm events. Consequently, we
think that the proportion of non-similar tectonic events in the swarm increases over time
relative to potentially magmatism-related similar events.
7.6.3.2 Moment release and Modiﬁed Omori Law
The moment release history during the swarms is changing from the swarm of 2001 to
2008 (Figs. 7.8a and 7.8b). Studies performed on swarms caused by dike intrusions at
an incipient seaﬂoor-spreading segment at the Afar Rift found similar forms of moment
release versus time (Belachew et al., 2011). The authors suggest that the diﬀerent forms
are inﬂuenced by the amount of tectonic or magmatic processes generating the swarms.
Apparently, swarms with a staircase pattern similar to those of the swarms of 2001, 2004
and 2005 reﬂect a tectono-magmatic earthquake sequence. Swarms generated in a single
process of purely magmatic or purely tectonic origin show strong moment releases at the
beginning of the swarm with a strong decrease in the event rate (Belachew et al., 2011).
We expect tectonic earthquakes to release large amounts of seismic moment as they are
generated on normal fault planes in the brittle crust of the SWIR. Apart from short
episodes of strong moment release, the swarms of 2001, 2004 and 2005 are dominated by
events of moderate moment releases (Fig. 7.8b). The swarm of 2008 diﬀers markedly as
it shows a predominance of events with large seismic moments of tectonic origin.
The calculated models of the Modiﬁed Omori Law only provide an interpretable model
for the swarm of 2008 (Fig. 7.8c and Tab. 7.2). In contrast to this, the swarms of 2001,
2004 and 2005 do not have minimal quality to allow for an interpretation. We conclude
that the swarm of 2008 is the only one with large earthquakes at the beginning of the
swarm which qualify as mainshocks. The calculated model ﬁts suﬃciently well with the
aftershock distribution of the swarm (Fig. 7.8c) and the p value of 1.18 indicates a tectonic
mainshock-aftershock sequence. At the end of the swarm, the model diﬀers from the real
swarm which certainly reduces the quality of the model (Tab. 7.2). Hence, the swarm of
2008 shows the strongest characteristics of a tectonic sequence of the four swarms. The
others are more likely of a tectono-magmatic origin.
7.6.3.3 Tectono-magmatic swarms at the Orthogonal Supersegment
The relocalization of teleseimic earthquakes reported by ISC conﬁrmed that the four
swarms occurred in the same region of the Orthogonal Supersegment at 52.6◦S/18.9◦E
(Figs. 7.6 and 7.9). We identiﬁed possible topographic elements which represent traces
of normal faults on the surface and found an abundant number of rift-parallel cliﬀs at
the southern rift valley wall (Fig. 7.9). These cliﬀs have a steeper side looking toward
the rift valley and a side with a lower slope gradient oriented away of the rift valley. We
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assume that these asymmetric ridges on the rift valley ﬂanks and within the rift valley
represent the fault scarps on which many of the swarms’ tectonic earthquakes are possibly
generated. These can be traced continuously at the rift valley walls of the Orthogonal
Supersegment (Grindlay et al., 1998) and are responsible for the staircase topography
ﬂanking the rift valley (Dick et al. 2003; Fig. 7.9). Within the rift valley elongated rift-
parallel ridges of a length up to ∼ 50 km are present. From 18◦E to 19.4◦E they are
most prominent, rising almost 1000 m above the surrounding rift valley ﬂoor. Despite the
ubiquitous presence of normal faults, the occurrence of swarms is restricted to a narrow
area along the Orthogonal Supersegment. We argue that this is caused by the presence
of active magmatism at this region.
Figure 7.9: 3D-view of the high-resolution bathymetry of Grindlay et al. (1998) with ver-
tical exaggeration of factor ∼ 5 (colour scale see Fig. 7.3). View of swarm
region from ESE. Centre of the swarm origin (c.f. Fig. 7.6) marked with yel-
low ellipse, volcanic range marked with dashed black lines and faults scarps of
normal faults with dotted black lines.
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Magmatic accretion at ultraslow spreading mid-ocean ridges, especially at slowest spread-
ing rates, is thought to be concentrated at discrete volcanic centres where magma pools,
ascents and propagates laterally in the crust to the more distal parts of the segment (Can-
nat et al., 2003). At SWIR’s Orthogonal Supersegment, individual volcanic centres are
less obvious. These are typically characterised by MBA lows, topographic highs, oﬀ-axis
elevated ridges perpendicular to spreading directions and locally high positive magnetic
anomalies. At the Orthogonal Supersegment, magmatic anomalies are continuous with
amplitudes of ∼ 450 nT (Maus et al., 2009) and some elongated rift-parallel ridges on the
rift valley ﬂoor are present. At Gakkel Ridge, the Western Volcanic Zone (WVZ; 7◦W
- 3◦E) has similarites to the Orthogonal Supersegment. There, elongated rift-parallel
volcanic ridges with a length from 15 km to 50 km indicate magmatic accretion style
(Michael et al., 2003). A continuous positive magnetic anomaly is present at the rift axis
(Jokat and Schmidt-Aursch, 2007) and solely basalts were dredged (Michael et al., 2003).
Thus, the Orthogonal Supersegment bears aﬃnities to the WVZ (c.f. Schlindwein 2011),
even if other features are absent.
However, Grindlay et al. (1998) identiﬁed a possible source site of magmatism: at a
distance of ∼ 25 km south of the rift-axis where the swarms occur, a ridge is striking
sub-parallel to the rift axis with a length of 140 km meeting the rift axis further east at
∼ 20.5◦E (Fig. 7.9). At the northern side of the rift axis a similar structure is visible with
an orientation more parallel to the rift axis. Grindlay et al. (1998) calculated the MBA
from the observed free air gravity anomaly. In the region of 18◦E to 20.5◦E a V-shaped
front of negative MBA values correlating with the conspicuous ridges is interpreted by
Grindlay et al. (1998) as two volcanic chains reﬂecting an eastward migration of a point-
source of magma. Rather than at the tip, the swarms occur within this V-shape spanning
across the rift-axis (Fig. 7.9).
We conclude that a volcanic centre is present in this speciﬁc region and that the swarms
are generated by magmatic accretion episodes. The only site at ultraslow spreading
ridges, where magmatism could convincingly be related to magmatic accretion episodes is
Gakkel Ridge. There, magmatism is focussed at axial volcanoes in the Eastern Volcanic
Zone (EVZ; 29◦E - 85◦E) where fresh basalts were dredged (Michael et al., 2003). One
of these axial volcanoes is the 85◦N/85◦E volcanic centre where a major teleseismically
recorded swarm occurred in 1999 (Müller and Jokat , 2000). This swarm could convin-
cingly be attributed to a magmatic accretion episode by the observation of a hydrothermal
event plume, fresh basalts, explosion sounds (Schlindwein and Riedel 2010 and references
therein). The teleseismic earthquakes of this swarm are divided in three phases with
diﬀerent event rates and focal mechanisms and seem to be of tectono-magmatic origin
(Korger and Schlindwein, 2011) showing a dominance of strong normal faulting events at
the beginning of the swarm with an increasing amount of non-double-couple earthquakes
during its 9 months duration.
The swarms of SWIR’s Orthogonal Supersegment are considerably smaller showing indi-
vidual diking episodes rather than a volcanic cycle, with durations comparable to other
swarm episodes (Afar Rift; Belachew et al. 2011). The high magnitude events reﬂect the
tectonic reaction to such accretion episodes, whereas the actual magma injection with a
migration of the seismicity is not evident in the dataset. We favour the term tectono-
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magmatic swarms as the swarms of 2001, 2004 and 2005 show events of magmatic and
tectonic characteristics. We assume that the high magnitude events also detected tele-
seismically are the tectonic reaction generated on the ubiquitous steeply dipping normal
fault planes (Fig. 7.9). The absence of oﬀ-axis volcanic ridges parallel to the spreading
direction indicates that the establishment of this potential volcanic centre of the Or-
thogonal Supersegment is geologically very young and that such centres at this segment
of the SWIR are not persistent. This assumption is supported by the suggestion of a
migrating point-source of magmatism (Grindlay et al., 1998) and the idea that mantle
heterogeneities potentially inﬂuence where and how long volcanic centres are established
(e.g. Cannat et al. 2008; Sauter et al. 2004b).
7.7 Conclusion
In the regional dataset of the Neumayer array, we found four swarm periods in 2001,
2004, 2005 and 2008 occurring at the Orthogonal Supersegment of the SWIR. With the
relocalization of the teleseismically detected earthquakes, we conﬁrmed that the swarms
occurred repeatedly at a position of 52.6◦S/18.9◦E. The swarms are of tectono-magmatic
origin with low magnitude events of magmatic origin and tectonic events of high magni-
tudes which occur on high angle normal fault reacting to the perturbed stress regime after
dike injection. We suggest a volcanic centre at this location causing the swarms during
magmatic accretion episodes. Summing up three main points, we state:
1. that the Neumayer seismic observatory has a favourable location to detect the seis-
micity of the western SWIR. It is positioned in the direction of maximal emission of
seismic energy of normal fault earthquakes in the study area. The regional dataset
lowers the detection threshold of ISC by > 0.5 mb.
2. that all regionally detected swarms are also identiﬁed teleseismically, the swarm
periods exceeding in both datasets 10% of the variance of long-term background
seismicity. The brittle crust of an ultraslow spreading regime seems to be able to
routinely generate high magnitude events uncommon for magmatic swarms at faster
spreading ridges.
3. that the four swarms witness magmatic accretion episodes of tectono-magmatic
origin at the Orthogonal Supersegment of the SWIR. The high magnitude tectonic
events of the swarms are stress releases on the normal faults adapting to a new stress
regime caused by magma emplacement or dike injection, restricted to this area. We
assume a volcanic centre to exist at this location possibly migrating eastward as
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8 Conclusion and outlook
The two seismicity studies conducted on contrasting segments of ultraslow spreading
mid-ocean ridges allowed an insight into these remote areas. The analysis of local and
regional datasets provides a more detailed characterization of the study areas and conﬁrms
some indications gained from the teleseismic datasets. For both case studies, I tried to
bridge the gap between teleseismic and local/regional records including microseismicity
to gain a comprehensive overview of the seismicity at such ridge segments. The following
paragraphs correspond to the three speciﬁc questions asked in section 1.4 and summarize
my ﬁndings:
1. The second publication of my PhD project illustrates our improved method to con-
duct microseismicity studies in regions where the sea ice coverage hinders the usage
of ocean bottom instrumentation. Like this, it will be hopefully possible in the
future to perform more studies of the microseismicity of the Gakkel Ridge con-
tributing to the understanding of accretion mechanisms and how spreading takes
place along ultraslow spreading mid-ocean ridges. Our arrays are also applicable
for other questions such the analysis of increased sea ice mobility or ice generated
noise.
2. In case of the amagmatic segment of the Arctic Lena Trough it was not successful
to bridge the gap between the local and teleseismic dataset as earthquakes strong
enough to be recorded both with local and teleseismic station networks were not
present during the survey period. Nevertheless, the local dataset showed an abun-
dance of microseismicity most probably occurring along the entire segment. Fur-
thermore, the relocalization of the teleseimic records of Lena Trough conﬁrmed the
asymmetrical distribution of seismicity at the southern Lena Trough caused by a
complex interaction of a long-term shear movement between Greenland and Sval-
bard and the nascent onset of spreading processes.
3. At the Orthogonal Supersegment of the SWIR, I managed to bridge the gap bet-
ween the regional Neumayer dataset and the teleseismic dataset. In both datasets,
four earthquake swarms are evident in an 8-year long period. By relocalizing the
teleseismic earthquakes, it was possible to identify a single location of 40 km along-
axis where the four swarms took place. I determined the magnitudes of 743 events
recorded at the Neumayer array and compared them with the magnitudes reported
from ISC. The extensive analysis of seismic moment release, event rates and swarm
duration showed that the swarms are most likely generated by repetitive magmatic
accretion episodes of a volcanic centre present at this location.
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The seismicity studies of the amagmatic Lena Trough and the magmatic Orthogonal Su-
persegment show the variance of seismic activity at ultraslow spreading mid-ocean ridges
according to their diﬀerent spreading mechanisms and it illustrates the potential of earth-
quakes as indicator of the underlying processes. No earthquake swarms are observed at the
amagmatic Lena Trough and the seismicity shows no gaps along the segment. Rift-parallel
ridges with steep slopes seem to be traces of normal faults at which the earthquakes are
generated. I interpret this as an apparently typical seismicity pattern for amagmatic ridge
segments. In contrast, the Orthogonal Supersegment shows repetitive earthquake swarms
which can convincingly be attributed to magmatic accretion episodes. This seems to be
a pattern typical for segments with robust magmatism and a volcanic centre.
For the future, it is vital to overcome the diﬃcult accessibility and weather conditions at
the ARS and the SWIR to conduct additional local and regional surveys. Microseismicity
studies using regional AUH arrays or local OBS arrays should struggle to cover longer
observation times and a possibly constant monitoring of a particular study area. The
selection of such future study areas might be done in regard to the ﬁnding of studies
such as the two presented here. For example, a local study at the swarm site of the Or-
thogonal Supersegment could prove highly interesting as a local network of ocean bottom
seismometers might detect earthquake swarms of even lower magnitudes. Furthermore,
seismic lines and dredge sampling at particular locations such as the Lena Trough and
the volcanic centre of the Orthogonal Supersegment are needed to answer the variety of
open questions concerning the mechanisms of crustal accretion and the establishment of
volcanic centres and amagmatic segments. Seismic tomography could give insight into
the crustal structure in contrasting segments and potentially identify relic magma bodies
at sites of recent accretion episodes. Furthermore, the magma delivery to distal parts of
the segments within the crust should be visible in low magnitude earthquakes.
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